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ABSTRACT
REGENERATIVE AGRICULTURE EFFECTS ON INVERTEBRATE AND BIRD
COMMUNITIES AND INSECT-PROVIDED ECOSYSTEM SERVICES
ALEX MICHELS
2022
Conventional agricultural practices can have unintended consequences on the
environment and wildlife. Insects and birds are declining at rapid rates around the world,
and the current conventional agricultural paradigm is a major driver through habitat loss
and the intensification of production. Invertebrates in agroecosystems provide services to
both farmers and the rest of society. Regenerative systems may promote the functioning
of an agroecosystem by influencing invertebrate abundance, diversity, and ecosystem
services and mitigate bird and insect declines through conservation practices that increase
soil health, reduce disturbances, and increase biological diversity. Here I address
knowledge gaps of the effects of regenerative agriculture on two beneficial and declining
wildlife groups and the ecosystem services they provide. Foliar invertebrate, predator,
and pollinator communities and the insect-provided ecosystem services of nutrient
cycling, weed seed granivory, predation, and pollination were evaluated in the context of
a regenerative vs conventional cropping system. We also examined the effect of
regenerative agriculture on the bird community and their prey source relative to
conventional farms. Insects and birds were identified to species and grouped into feeding
and habitat categories. The fields were classified as regenerative or conventional by the
number of regenerative practices that were employed during that year. Foliar invertebrate
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diversity, predator abundance, and pollinator abundance and species richness were
increased in regenerative fields. Nutrient cycling increased as foliar insect abundance
increased. The ecosystem services of predation and pollination were enhanced by
regenerative practices. No obvious relationships were found regarding the insect
community and insectivorous birds. The water-associated, insectivorous, and overall bird
community were negatively influenced by regenerative practices. However, grassland
bird and Canadian-listed threatened and endangered bird species were positively
influenced, with significantly greater abundances in regenerative fields. The farming
practices that are essential to a regenerative system have a positive impact on beneficial
insects and North America’s most vulnerable birds. Increased abundance and diversity
and enhanced ecosystem services may make farms more resilient and functional in an
agriculturally intensive landscape.
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CHAPTER 1: OVERVIEW OF BIODIVERSITY, ECOSYSTEM SERVICES AND
AGRICULTURAL EFFECTS ON WILDLIFE BASED ON FARMING PRACTICES

Abstract
Maintaining biodiversity sustains proper ecosystem functioning and allows the
Earth to provide its goods and services to humankind. However, biodiversity across the
globe is disappearing through misuse of resources and agricultural expansion since the
Green Revolution. A loss of biodiversity and habitat from conventional agricultural
practices affect many taxa and their ecosystem services, but regenerative agricultural
practices have demonstrated promising conservation impacts to wildlife. In this review,
the impacts of conventional and regenerative practices on the major taxa groups
(microbes, invertebrates, birds, and mammals) found in agroecosystems are discussed.
Producers have opportunities to mitigate harm to wildlife and produce profitable crops by
reducing disturbances and increasing biodiversity, ecosystem services, and functionality
on their farm through regenerative practices.

Keywords: conservation, farming, sustainable, food production, wildlife, risk assessment
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1.0 Perceived drivers of the need to increase crop yields
In the 1960s, the Green Revolution helped the world respond to food shortages
and starvation, which was especially prevalent in developing countries (Phillips, 2014).
Using emergent technologies of hybridization and high-yielding seed varieties, wheat and
rice yields increased by 170% and 115% per ha, respectively (Briggs, 2009). Farmers
initially achieved high productivity, but as intensification increased and soils were
degraded by mechanical tillage, agrochemical inputs became imperative to continue the
high-yield outputs. Fertilizers and pesticides were developed, and their use increased
during the same time period to maintain high yields.
Since the Green Revolution, food production has consistently increased each year.
This was made possible by expanding farmed land onto virgin soil, the use of
agrochemicals, and subsidies from the government to incentivize higher food production
to keep up with the growing human population. In reality, farmers produced enough food
in 2012 to meet the nutritional needs of 10 billion people, about 1.5× more food than was
needed at the time (Holt-Giménez et al., 2012). And yet today, a billion people are still
facing hunger and food insecurity due to poverty and inequitable access to food, the real
drivers behind food insecurity (FAO, 2009).

2.0 Biodiversity and ecosystem services
Ecosystem services can be described as the subset of ecosystem functions that
directly benefit humans such as a watershed’s ability to filter water or an insect’s ability
to pollinate agricultural crops. Ecosystem services often have measurable monetary value
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and are essentially provided free due to normal ecological processes, but their true value
remains underappreciated and unrealized by many. In 1997, the first estimate of global
ecosystem services was valued at $33 trillion (Costanza et al., 1997) and in 2006,
services provided by insects were valued at $57 billion per year (Losey & Vaughan,
2006). However, unsustainable use and degradation is happening on about 60% of 24
surveyed ecosystem services (Millennium Ecosystem Assessment, 2005), which equates
to nearly $5 trillion per year from nature’s inherent wealth (Holzman, 2012).
Maintaining biodiversity sustains proper ecosystem functioning and allows the
Earth to provide its goods and services to humankind (Chapin et al., 2000; Schulze &
Mooney, 1994). The importance of biodiversity for functioning on agroecosystems is
well known (Altieri, 1999; Balvanera et al., 2006; Dainese et al., 2019; Liere et al., 2017;
Thébault & Loreau, 2006). When an agroecosystem becomes simplified, or turns to
monoculture, it loses basic functions and thus requires agrochemical inputs to support the
ecosystem services lost with the original biodiversity (Perfecto et al., 2019).

3.0 Ecosystem services from invertebrates and birds
To properly measure ecosystem services, they are divided into four specific types:
1) provisioning (i.e., provide raw materials or energy outputs), 2) regulating (i.e.,
maintain homeostasis and ecological balance), 3) supporting (i.e., create the foundation
for the other services) and 4) cultural (i.e., gives educational, spiritual, or aesthetic value)
(Millennium Ecosystem Assessment, 2005). The upcoming section will focus on the
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supporting (nutrient cycling) and regulating (weed seed granivory, pest predation, and
pollination) services found within agroecosystems provided by invertebrates and birds.
3.1 Invertebrates
3.1.1 Nutrient Cycling
The organic matter from crop residue contains nutrients that are made available to
plants by life in the soil. Soil biota change organic matter and break it down into organic
and inorganic forms available for the next crop to reuse. Soil biota are classified as
micro-, meso-, and macrofauna based on their size and function within the soil (Coleman
& Hendrix, 2000; McCary & Schmitz, 2021). Macrofauna include large arthropods 2-20
mm wide such as earthworms, termites, ants, and other large arthropods. Some are called
ecosystem engineers because of how they physically modify the soil and influence
hydrology, infiltration rates, and create macropores used by smaller fauna through
bioturbation (Jiménez & Decaëns, 2006; Jouquet et al., 2006). Nutrient cycling can
greatly increase from the presence of earthworms in the soil (Fragoso et al., 1997). Soil
macrofauna (body widths >2 mm) initially break the plant detritus and crop litter into
smaller pieces to facilitate decomposition from the other soil fauna. Mesofauna include
organisms (body widths 100 μm-2 mm) such as collembola, mites, and smaller
arthropods. Mesofauna incorporate plant material into the soil and also facilitate further
breakdown of the plant detritus into small pieces which are more easily consumed by the
microbial community (Reichle, 1977). Microfauna include organisms of <100 μm, such
as bacteria, fungi, and protozoa. Microbes are responsible for about 90% of litter
decomposition and nutrient cycling (Snyder & Hendrix, 2008). Of particular importance
is arbuscular mycorrhizal fungi (AMF) that form symbiotic relationships with plants and
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facilitate an increase in the uptake of nutrients from the soil into plants. Promoting
nutrient cycling by invertebrates is essential in agroecosystems as it improves nutrient
uptake and stimulates plant growth (Bonkowski et al., 2001; Brussaard, 1998). The
estimated monetary value of this service has not been calculated but should be thought of
in terms of the price of synthetic fertilizer applications.
3.1.2 Weed seed granivory
Seed predation is an important service that granivorous insects perform that
reduces weed infestations in agroecosystems. Granivores change plant community
dynamics by influencing the density and distribution of seeds in the seed bank (Cromar et
al., 1999). This is especially important in agricultural systems where herbicides are not
used (Landis et al., 2005). Invertebrate granivores most responsible for weed seed
granivory are ground beetles (Coleoptera: Carabidae), crickets (Orthoptera: Gryllidae)
(Lundgren et al., 2006), and ants (Hymenoptera: Formicidae) (Nicolai & Boeken, 2012).
Weeds are generally prolific, producing as many as 176,000 seeds per plant (Clements et
al., 1996). Using barnyard grass as an example, Cromar et al. (1999) estimate that insect
granivores in their study would consume 1,760 seeds, or 88% of the 2,000 seeds dropped
from 10 barnyard grass plants per m2 in cornfields. If weed population growth is seed
limited, this level of granivory could greatly reduce the number of potential weed seeds
in the seed bank and keep plant populations from going unchecked. The monetary value
of this service has not been estimated, but this calculation ought to include the effects of
competition from weeds on the crop, as well as the cost of herbicide application.
3.1.3 Predation
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Beneficial insects such as insect predators relay the important ecosystem service
of biocontrol. Crickets, harvestmen (Aranaea: Phalangiidae), ants, lady beetles
(Coleoptera: Coccinellidae) and ground beetles are common predators in agricultural
systems (Ashby & Pottinger, 1974; Brust et al., 1986; Monteith, 1971; Pfannenstiel &
Yeargan, 2002; Sivasubramaniam et al., 1997) that will feed on many different types of
pests from aphids to lepidopteran larvae. Parasitoids are also natural enemies of insect
pests. Adult parasitoid wasps oviposit their eggs into or onto an arthropod host and the
parasitoid larvae will feed exclusively on a single host, until the parasitoid adult ecloses
from the host. Overall agricultural pest control is estimated to be valued at $13.6 billion
per year, and $4.5 billion per year is attributed to insect predators and parasitoids due to
the crop losses from insect damage and the cost of insecticides (Losey & Vaughan,
2006). Natural enemies can reduce pest insect populations, which can reduce the need for
pesticides.
3.1.4 Pollination
There are over 20,000 characterized species of bees in the world, and many of
them pollinate plants that are important for humans (Delaplane et al., 2000; Kleijn et al.,
2015; Michener, 2000). These pollinators are responsible for the production of 35% of
our food by volume (S. G. Potts et al., 2016) and 75% of the crops commonly grown
worldwide depend on pollinators to some degree for production (Klein et al., 2007).
Further, an estimated 88% of wild plants are animal pollinated (Ollerton et al., 2011). The
global economic value of pollination is variable depending on the methods used, from
$195-387 billion (Porto et al., 2020). Despite this ecosystem service being valued the
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highest of all insect-related services and critical for food production, modern societies
still do not fully grasp the importance of pollination (Oliveira et al., 2020).
3.2 Birds
Birds provide farmers with valuable ecosystem services such as crop pollination
(Stiles, 1981), seed dispersal (Bascompte & Jordano, 2007; Garcia et al., 2010), fertilizer
from guano (Whelan et al., 2008), and pest control of invertebrates (Greenberg et al.,
2000; Jedlicka et al., 2011; Karp & Daily, 2014; Mäntylä et al., 2011; Mols & Visser,
2007; Mösch et al., 2018; Nyffeler et al., 2018; Sanz, 2001), small mammals (St. George
& Johnson, 2021), and weeds (Holmes & Froud-Williams, 2005). For example, a barn
owl (Tyto furcate) family can consume an average of 1,001 rodents in one nesting cycle
in Napa Valley vineyards (St. George & Johnson, 2021), resulting in economic and
environmentally-friendly long-term pest control. Promoting birds on agricultural lands
could increase crop yields by performing pollination services and decreasing
agrichemical costs from insect, rodent, and weed pest control services, but bird-provided
ecosystem services have not yet been monetarily valued (Whelan et al., 2015).

4.0 Conventional Agriculture Effects to Flora and Fauna Communities
Agricultural intensification has sent waves of unintended consequences
worldwide. A loss of biodiversity and habitat, agrichemical pollution, soil erosion, and
climate change from conventional practices affect many taxa and their ecosystem
services. Conventional agricultural practices combine the use of tillage, herbicide,
insecticide, fungicide, and synthetic fertilizers, and result in a loss of habitat from the
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expansion of cropland. In this section, I discuss how the five conventional practices and
habitat loss affect major groups of wildlife taxa (microbes, insects, birds, and mammals)
commonly found in agricultural environments.
4.1 Habitat Loss
A meta-analysis by Sánchez-Bayo & Wyckhuys (2019) reviewed the drivers
of insect decline and determined habitat loss as a primary cause. Agriculture is a main
contributor of habitat loss, as over 1.5 billion ha of natural land have been converted to
cropland (FAO, 2021). Winfree et al. (2009) concluded that habitat loss and
fragmentation was the only statistically significant anthropogenic disturbance that
showed a negative effect on bee abundance and species richness, but this was only true
when there was little natural habitat remaining in the system.
Habitat loss is also one of the most prevalent drivers of bird decline (Bowler et
al., 2019; Donald et al., 2001; Stanton et al., 2018). As agriculture has expanded, tallgrass
prairie is now considered one of the rarest and most endangered ecosystems on the
planet, as only 4% of the land originally in this biome remains intact (Steinauer &
Collins, 1996). Seventy-three million ha of grassland once dominated North America,
stretching from the Rockies to the Mississippi River, and from southern Canada to Texas.
In the Prairie Pothole region in the heart of the northern Great Plains, wetlands are
routinely drained for crop production. The United States historically contained about 89
million ha of wetlands, but by the mid-1980s, 22 states had converted over half of their
wetlands to agriculture. Of those 22 states, six had converted 85% of wetlands (Dahl et
al., 1991). Since 1985, 98% of further freshwater wetland loss has occurred in the Great

9

Plains (McIntyre et al., 2014). Loss of grasslands and wetlands due to agricultural
expansion has significantly reduced important bird habitat.
Large mammals typically need larger habitat area and greater connectivity
between habitats than smaller species, and loss of habitat due to expansion and
intensification of agriculture has had an important impact on these species. In oil palm
agriculture, large mammals are significantly more abundant in fields within 5 km of
natural forest and in fields that have less human presence (Azhar et al., 2014). For some
large carnivores, habitat in agricultural land is not possible due to human conflicts. These
tensions can become ecological sinks to species such as the grizzly bear (Northrup et al.,
2012), even leading to local extinctions surrounding protected areas (Woodroffe &
Ginsberg, 1998).
4.2 Tillage
Frequent and intensive tillage can negatively affect the soil by destroying soil
structure, increasing erosion, releasing carbon into the atmosphere, and disrupting the
microbial community that lives within the soil. Arbuscular mycorrhizal fungi (AMF)
depend on living roots of plants to survive, and minimal-tillage and no-till systems reduce
disturbance and allow more living roots to stay in the ground. In reduced tillage, AMF
root colonization increases by 27% (Bowles et al., 2017; Lekberg & Koide, 2005) and
AMF abundance and species richness increased by 60.5% and 11.3%, respectively,
compared to conventional tillage (Bowles et al., 2017). This illustrates how destructive
tillage is to the living, interconnected mycorrhizal fungi hyphal network in the soil (D. G.
Evans & Miller, 1990; Kabir, 2005).
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Tillage can have negative impacts on predators, pollinators, and soil-dwelling
invertebrates. Untilled fields have higher abundances of soil invertebrates such as
earthworms, arthropods, isopods, and mollusks (Petersen & Luxton, 1982; Rowen et al.,
2020), compared to tilled fields, resulting in enhanced nutrient cycling and bioturbation
from soil biota. Many bee species are ground-nesting species, and a tillage event
decreased the squash bee’s Peponapis pruinosa (Say) offspring survival by half, and
delayed the emergence of the remaining offspring (Ullmann et al., 2016). Soil predators
are also negatively affected by high disturbance tillage systems (Rowen et al., 2020).
Foliar predator abundance increased in conservation tillage compared to conventional
tillage systems, and parasitism and predation of aphids also increased, indicating an
increase in ecosystem service and function (Tamburini et al., 2016).
Tillage can negatively affect bird communities by disturbing the residue layer and
changing the complexity of vegetative cover, leading to decreased productivity (Martin &
Forsyth, 2003) and increased nest destruction (Bollinger et al., 1990; Dale et al., 1997;
Frawley & Best, 1991). No-tilling in cropland increases residue on the soil surface,
creating cover and preferential nesting sites for birds (Basore et al., 1986). No-till fields
in Illinois cropland had more grassland bird nests, a greater survival rate, and a greater
conservation value (VanBeek et al., 2014).
In conventionally tilled fields, reduced surface residue decreases abundance and
diversity of small mammals compared to permanent habitats (Heroldová et al., 2007).
Small mammals such as granivorous rodents can be resilient pests to producers,
especially in no-till systems because their underground network is undisturbed. However,
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not all small mammals are pests; some mammals like shrews are insectivorous, which
provide insect biocontrol and may benefit from no-till systems.
4.3 Herbicides
Herbicides such as glyphosate can negatively affect the beneficial soil microbial
community (Druille et al., 2015). A reduction of plant-microbe symbioses present
opportunities for pathogenic microbes like Fusarium to infect and jeopardize the crop
through the root system (Zobiole et al., 2011). However, some studies say that microbial
communities are fairly resilient to herbicidal treatments and can break down herbicides
quickly enough that they no longer impede other microbial activity in the soil (Haney et
al., 2000). Sometimes, microbial biomass and activity may only be negatively affected
when presented with higher than normal field application rates (Wardle & Parkinson,
1990).
Herbicides have lethal, sublethal and indirect effects on invertebrates. Glyphosate
can cause impaired learning, navigation, and sleep patterns on honey bees (Vázquez et
al., 2020) and dicamba and 2,4-D have lethal and sublethal effects on lady beetles
(Freydier & Lundgren, 2016). Herbicides can also indirectly affect arthropods by
decreasing diversity and complexity of plant communities that support invertebrates
(Taylor et al., 2006).
Birds can suffer sublethal and indirect effects from herbicide exposure. Sugrue et
al. (2008) documented disrupted thyroid function and molt progression in the American
goldfinch after exposure to the herbicide linuron. Herbicides indirectly affect
insectivorous birds by reducing invertebrate resources and insect habitat (Bowler et al.,
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2019; Freydier & Lundgren, 2016; Møller, 2019; Møller et al., 2021; Taylor et al., 2006).
For example, a reduction in arthropod prey due to herbicide treatments was linked to a
77% decline in grey partridges in the U.K. (G. R. Potts, 1986; Southwood & Cross,
1969).
Some studies indicate herbicides are relatively safe for mammals, as mammals
quickly excrete herbicides from their systems, and the intended target enzyme that
herbicides affect is absent in mammals (Shaner, 2004). However, eight years after all
triazine herbicides were banned in the European Union, two triazine herbicides (atrazine
and ametrine) were found in the liver and muscles of the grey seal (Reindl et al., 2015),
indicating some herbicides can linger in the environment and mammalian tissue long
after their usage has stopped.
4.4 Insecticides
Insecticides have a negative impact on non-target insects such as predators and
bees. Siviter et al. (2021) concluded that non-Apis bees suffer significant sub-lethal
effects like reduced reproductive productivity from insecticide exposure, and bumblebees
experienced impaired colony growth and foraging. Neonicotinoids have been found in
even higher concentrations in the soil, disproportionately affecting ground-nesting bees
who are doubly exposed from dietary sources as well as through living in the soil. A
further problem with insecticide use is that pesticide applications decrease bee colony
strength and reduce crop pollination (Brittain & Potts, 2011; Desneux et al., 2007;
Stanley et al., 2015). In Finland, a steady yield decline in turnip rapeseed (a pollinatordependent crop) over the past 10-15 y coincided with an increased use of neonicotinoid
seed treatment in the same area. The study suggests that chronic exposure to sublethal
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levels of neonicotinoids may be affecting the wild pollinator community, preventing
sufficient pollination of some crops (Hokkanen et al., 2017). Insecticide use can also
make a crop field more vulnerable to a future pest invasion by destroying natural enemies
and the biotic resistance to pest proliferation (De Armas et al., 2020; Lundgren et al.,
2013; Marvier et al., 2007; Monzo et al., 2014; Pimentel et al., 1992; Seagraves &
Lundgren, 2012).
Acute toxicity from insecticides was a better indicator of grassland bird decline
than herbicide use or agricultural intensification in the U.S. (Hallmann et al., 2014; Main
et al., 2014; Mineau & Whiteside, 2013) and insecticide applications are connected to
insectivorous bird declines (Hallmann et al., 2014; Møller et al., 2021). Hallman et al.
(2014) goes on to suggest that the neonicotinoids themselves have not directly reduced
the bird populations through acute toxicity, but rather aerial insectivores are declining
due to depletion of their prey source (also see Berzins et al., 2021; Nebel et al., 2010).
Neonicotinoids are water-soluble and accumulate in wetland environments from runoff
and drainage of agricultural lands (Armbrust & Peeler, 2002), where nontarget aquatic
insects can be lethally affected (Morrissey et al., 2015). Prey of aerial insectivores are
among the most sensitive to neonicotinoids (McCarty & Winkler, 1999; Morrissey et al.,
2015; Roessink et al., 2013). Other than reduced prey resources from agricultural
practices, insectivorous birds may also be in decline due to environmental contamination
through tainted prey insects and aquatic environments. This theory is supported in
research where approximately 30% of insect boluses from tree swallows in Canada were
contaminated with pesticides (Haroune et al., 2015).
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Insectivorous mammals such as shrews and bats provide considerable ecosystem
services as predators of insects and preventing potential pest outbreaks, and insecticides
can directly and indirectly affect these mammals. A single colony of big brown bats
(Eptesicus fuscus) can eat 1.3 million pest insects each year (Whitaker, 1995). Despite
providing substantial benefits to producers, insectivorous bats are occasionally
unintended targets of agrichemicals. Bats that eat insecticide-contaminated prey
experience sublethal effects that escalates early mortality. Imidacloprid, a neonicotinoid,
causes vocal, auditory orientation and spatial memory issues in insectivorous bats,
resulting in a decreased ability to perform echolocation (Wu et al., 2020), likely causing
starvation or predation. Big brown bats experienced other sublethal effects from an
organophosphorus insecticide, chlorpyrifos, that caused behavioral impairments of
tremors and reduced muscle control lasting multiple days, also likely resulting in
starvation or predation in the wild (Eidels et al., 2016).
4.5 Fungicides
Non-target effects of fungicides have not been as well studied as other classes of
pesticides, but risk scenarios have been identified. In agriculture, fungicides are used to
control fungal pathogens on crops, but these applications also negatively affect the
beneficial microbial community. Some of these beneficial microbes are used as a
biocontrol. Phomopsis amaranthicola, Trichoderma viride, and Beauveria bassiana are
microbes that control weeds, soil and plant-borne pathogens, and pest insects,
respectively, that fungicides eliminate following a fungicide treatment (Loria et al., 1983;
Sarkar et al., 2010; Wyss et al., 2004).
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In insects, use of the fungicide azoxystrobin found in the product Amistar can
reduce bumblebee foraging performance and pollination abilities if the crop is in bloom
(Tamburini et al., 2021). A reduction of fungicidal treatments also enhances predator
communities and increased predation of pests in vineyards (Pennington et al., 2018).
Many granivorous birds will eat agricultural seeds from fields that have been
treated with an agrochemical, which poses a serious risk for bird health. Red-legged
partridges (Alectoris Rufa) will utilize sown agricultural seeds for up to half of their diet
during planting (Fernández-Vizcaíno et al., 2022) and could have long-term adverse
reproductive outputs. Brood size and hatching rate can be reduced in birds when seed
coated with tebuconazole, a triazole fungicide, is consumed (Lopez-Antia et al., 2021).
Two fungicides were detected in European bison liver samples after a crop
depredation event (Klich et al., 2020). Although the concentrations were low in this
study, the fungicide tetraconazole poses multiple potential health risks to mammals
(Klich et al., 2020) due to liver tumors in mice (Pubchem, 2022), negative effects to heart
and skeletal structural development, fetal development (Menegola et al., 2001) and
spermatogenesis (Rajeswary et al., 2007) in rats. Foraging of large ungulates in
agricultural land may have unintended health risks due to fungicide exposure.
4.6 Synthetic fertilizers
Synthetic fertilizers can adversely affect invertebrates. Excess nutrients alter the
chemical compounds in the nectar and pollen of Succisa pratensis, influencing food
quality for pollinators. The bumblebees that visited the fertilized plants had more dead
larvae in their nests than the control, demonstrating that altered food quality from the
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fertilizer decreased bumblebee fitness (Ceulemans et al., 2017). Synthetic fertilizers also
negatively affect predator-prey dynamics. This interaction is shown where nitrogen
fertilizer decreased predation rates of aphids by the harlequin ladybird beetle (Harmonia
axyridis) (Wang et al., 2021).

5.0 Proactive regenerative agriculture practices and the effects to major wildlife
groups
Regenerative agricultural systems research remains young, but the conservation
prospects of regenerative practices are promising. Therefore, discussion in the following
section will explore the regenerative practices of cover crops, organic amendments (such
as compost tea or manure) and integrating livestock and the effects to the major taxa
found in agricultural landscapes (microbes, invertebrates, birds, and mammals).
5.1 Cover crops
Agricultural systems using cover crops have beneficial effects on the microbial
community. Greater plant production and diversity change soil microbe biomass, activity
and composition, as well as increasing the microbial processes of nitrogen mineralization
and cycling and soil carbon storage (Lange et al., 2015; Vukicevich et al., 2016; Zak et
al., 2003). Brassica cover crops can also suppress pathogenic fungi and bacteria in the
soil (Vukicevich et al., 2016).
Increasing plant biodiversity through cover crops increases invertebrate
community structure (Ebeling et al., 2018; Fenster et al., 2021; Landis et al., 2005;
Lundgren & Fergen, 2010; Rivers et al., 2018) and ecosystem functioning and services

17

(Hertzog et al., 2017). Langellotto and Denno (2004) linked vegetational complexity and
the natural predator community. Complex habitat structure had more abundant prey (Lys
& Nentwig, 1992; Halaj and Wise, 2002), provided shelter from other predators (Frank et
al., 2010), offered protection from abiotic factors such as drought (Shehzad et al., 2021),
and increased access to alternative food sources such as pollen and nectar. Native bees
and other pollinator abundance and diversity decreases in monocultures (E. Evans et al.,
2018; Rader et al., 2014) because implementing cover crops provides nectar and pollen
that support more robust bee populations (Bryan et al., 2021) and pollinator populations
stabilize and benefit from increased floral resources (Carrié et al., 2018; Nicholls &
Altieri, 2012).
Cover crops within a field supply birds with safe resting and nesting sites
(Wilcoxen et al., 2018). Increasing in-field habitat by using cover crops and preserving
field margins can serve as habitat and refuges for endangered birds in agroecosystems
(Wuczyński et al., 2014). In Costa Rica, diversified fields had similar bird species
richness as the natural forest communities. Further, the diversified fields had 20% more
endemic species and IUCN Red List of Threatened Species than the intensively managed
plots (Hendershot et al., 2020). Farmland birds in England and grassland birds in Illinois
were more abundant in fields with cover crops because of the dense vegetation (Stoate et
al., 2003; Wilcoxen et al., 2018). Dense vegetation and greater structural heterogeneity
increases abundance and successful nesting of grassland birds in natural environments
(Granfors et al., 1996; Hubbard et al., 2006; Roth et al., 2005; Warren & Anderson,
2005). In addition to the vegetational structure that is attractive for nesting, more
abundant and diverse insect prey items for birds are found in cover cropped fields due to
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increased plant diversity and structural complexity (Irvin et al., 2016; Lundgren &
Fergen, 2010; Sáenz-Romo et al., 2019; but see Redlich et al., 2018).
5.2 Organic amendments
An organic amendment is an alternative that can be used in place of a synthetic
fertilizer to amend the soil of nutrient loss and stimulate the soil microbial community.
Compost teas are the liquid extracts from compost submerged in water and fermented.
The strained liquid mixture consists of organic and inorganic molecules and microbes
that promote plant growth and suppress microbial plant pathogens (Pane et al., 2016).
Organic amendments can restore contaminated soils and suppress pathogenic organisms
through foliar sprays on crops by the increased microbial activity and growth (Litterick et
al., 2004; Seddigh & Kiani, 2018; Strachel et al., 2017).
Manure applications have a positive effect on predator insect communities
(Aguilera et al., 2021) and predation services in rice fields (Jiang & Cheng, 2004).
Organic amendments attracted bumblebee pollinators, while still maintaining high crop
yields (Banaszak-Cibicka et al., 2019).
5.3 Livestock-crop integration
Although organic amendments of manure applications did not significantly alter
the microbial community in northern Italy (as described in the previous section),
livestock integration into the cropland did have an impact in South Dakota, USA. Higher
microbial biomass, total fungi, and arbuscular mycorrhizal fungi were all found in the
integrated livestock cropping system (Sekaran et al., 2021).
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Using livestock and crop production together diversifies and brings heterogeneity
to farmland, benefitting bird communities (Benton et al., 2003). The effects of livestock
on threatened, endangered, or declining bird species showed that excluding livestock
from a habitat resulted in an increase in bird nest success on average, but the increase was
not significant (Hartway & Mills, 2012). Overwintering farmland birds in the Czech
Republic preferred farmsteads with active animal production (Šálek et al., 2018). On
vegetable farms along the U.S. west coast, livestock integration significantly increased
native bird density and richness compared to fields without livestock integration (Smith
et al., 2020). However, livestock integration should itself follow regenerative guidelines
for herd management (high density, high rotation frequency, and no ivermectin
application), in ways that mimic the feeding ecology of large ruminants in order to
maximize benefits to cropland and birds (Pecenka & Lundgren, 2019). The addition of
livestock into a regenerative system may synergistically improve bird communities.

6.0 Summary and Conclusions
Birds and insects provide many different ecosystem services to producers and the
overall public within agroecosystems. There are many inherent risks posed to wildlife
taxa that inhabit agricultural landscapes. However, producers have opportunities to
mitigate that harm and produce profitable crops by reducing disturbances and increasing
biodiversity, ecosystem services, and functionality on their farm through regenerative
practices. Modern society appears to be on the cusp of yet another agricultural revolution.
However, this time the revolution is being driven by ecology and conservation, rather
than economic drivers and food shortages.
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CHAPTER TWO: THE ECOSYSTEM SERVICES INSECTS PROVIDE IN
AGRICULTURE AND THE RELATIONSHIP TO REGENERATIVE PRACTICES

Abstract
Entomofauna around the world are declining and the current conventional
agricultural paradigm is a major driver through habitat loss and the intensification of
production. Invertebrates in agroecosystems provide services to both farmers and the rest
of society. Regenerative systems may promote the functioning of an agroecosystem by
influencing invertebrate abundance, diversity, and ecosystem services. This study was
conducted on 24 small grain cash crop fields in the northern Great Plains region of North
America. The fields were classified as regenerative or conventional by the number of
regenerative practices that were employed during that year. Bioinventories of the foliar,
predator, and pollinator invertebrate communities were developed. The insect-provided
ecosystem services of nutrient cycling, weed seed granivory, predation, and pollination
were evaluated using litterbags, seed cards, wax moth larvae sentinels, and bee bowls
(pan traps). These communities and services were compared to each other and in the
context of a regenerative vs conventional cropping system. Foliar invertebrate diversity,
predator abundance, and pollinator abundance and species richness were increased in
regenerative fields. Nutrient cycling increased as foliar insect abundance increased.
Regenerative cropping systems enhanced the ecosystem services of predation and
pollination. Regenerative systems may improve farm resilience and help combat the
worldwide insect decline by increasing the abundance, diversity, and ecosystem services
of beneficial invertebrates in agriculturally intensive landscapes.
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1.0 Introduction
The planet is experiencing a recent and substantial decline in entomofauna.
Germany has undergone a 75% decline in insect biomass in protected areas over 27
years. In Puerto Rico, biomass of ground-foraging and canopy-dwelling arthropods has
declined 98 and 78%, respectively, over a 36-y period (Hallmann et al., 2017; Lister &
Garcia, 2018). The abundance of beetles, caddisflies, and large moths has declined
by 5.0, 9.2, and 3.8%, respectively, over 20 y, which extrapolates to a 61 and 42%
decline in biomass for large moths and beetles in the Netherlands over the same 27
y as the German study (Hallmann et al., 2020). Global metanalyses were sparked after
these publications, and conclude the decline is regionally variable, but is
happening worldwide (Sánchez-Bayo & Wyckhuys, 2019; Wagner, 2020). In the media,
the decline has been termed an “insect apocalypse” and an “ecological Armageddon”
(Jarvis, 2018). Beyond insects, insectivorous fish (Yamamuro et al., 2019), birds (Bowler
et al., 2019), reptiles and amphibians (Lister & Garcia, 2018), are also experiencing steep
declines. If this trend continues on its current trajectory, further cascading extinctions
throughout many habitats are likely, exacerbating overall biodiversity loss (Kehoe et al.,
2021).
Extinction is a regular part of Earth’s long history, but current extinction rates are
100× faster than historical rates (Loehle & Eschenbach, 2012), and common species are
also experiencing severe population diminishment and range shrinkage (Ceballos et al.,
2017). All of this is to say that we are in the midst of the planet’s 6th mass extinction
event. Ecosystem stability and function depend on biodiversity at many different trophic
levels (Lefcheck et al., 2015; Soliveres et al., 2016; Thébault & Loreau, 2006). Declining
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biodiversity reduces or removes key ecosystem functions. Specifically, insect diversity
contributes stability and function to ecosystem services that are important to humans and
our health (Jones et al., 2015), the food system (Potts et al., 2016), and the economy
(Gallai et al., 2009). Critical loss of insects will likely collapse our global food
security, as well as lead to the decline or extinctions of other plants and vertebrates.
A meta-analysis by Sánchez-Bayo & Wyckhuys (2019) reviewed the drivers
of the insect decline, and over 75% of studies indicated that habitat loss and
pollution are key factors. Agriculture is a main contributor of both of these drivers, as
over 1.5 billion ha of natural land have been converted to cropland (FAO, 2021), and the
productivity of these converted lands are then maintained through agrochemicals. As
landscape simplification and pesticide use increases in cropland, insect diversity declines
(Chiron et al., 2014; Hendrickx et al., 2007), negatively affecting many other taxa and
reducing the critical ecosystem services (Bengtsson et al., 2005; Chiron et al., 2014;
Geiger et al., 2010; Postma-Blaauw et al., 2010) that insects provide to agricultural
ecosystems such as nutrient cycling, weed seed granivory, pest predation, and
pollination. Agricultural environments encompass over half of the world’s habitable land
surface (Ellis et al., 2010; FAO, 2021) and are a main driver of insect decline, therefore, a
systemic change in agriculture must be a key element to solving the global biodiversity
crisis.
Regenerative agriculture has gained attention in recent years as an option to
renovate the food system (Kadey, 2021; Rhodes, 2017). The philosophy of regenerative
agriculture is to grow profitable, healthy food while reducing disturbance and increasing
biodiversity (Fenster, LaCanne, et al., 2021; LaCanne & Lundgren, 2018). Disturbance is
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reduced in cropland by abandoning or reducing tillage and agrochemicals, while
microbial, plant, and animal biodiversity is increased by using cover crops, organic
amendments, and livestock. Outcomes of regenerative agriculture’s philosophy rely on
natural processes rather than chemical inputs to maintain the productivity of the land, and
increased insect biodiversity is a key outcome of regenerative food systems. Other
outcomes address global issues such as climate change, agrochemical pollution, broken
water cycles, food nutrient density, and topsoil loss, accomplished by sequestering
carbon, abandoning pesticide use, and increasing soil health (Fenster, LaCanne, et al.,
2021; Fenster, Oikawa, et al., 2021; Montgomery et al., 2022). Furthermore, regenerative
practices are designed to enhance ecosystem services and function to the agricultural
landscape.
A few studies on regenerative agriculture have ventured to put data from real
farms behind regenerative agriculture’s claimed benefits. Previously studied systems in
North America include cornfields in the upper Midwest (LaCanne & Lundgren, 2018)
rangelands of the Northern Great Plains (Pecenka & Lundgren, 2019), and almond
orchards in California’s Central Valley (Fenster, Oikawa, et al., 2021). In Europe, almond
orchards in the Mediterranean drylands of southeastern Spain (Luján Soto et al., 2021)
and sheep grazing systems in Australia were studied (Colley et al., 2020). Our study is
within the cash grain food crops in the Northern Great Plains, including North Dakota,
Manitoba, and Saskatchewan. Here, we provide additional evidence to the scalability and
transferability of the regenerative scoring system described by Fenster, LaCanne, et al.
(2021) to another food system type. We test the hypothesis that regenerative
agriculture leads to greater invertebrate diversity from several guilds and trophic levels
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and enhances ecosystem services in the form of predation, weed seed granivory, litter
decomposition, and pollinator community.

2.0 Methods
2.1 Study sites.
In 2019, 12 field sites were selected in southwest Manitoba, Canada region (n = 10 in
SW Manitoba, n = 2 in North Dakota). In 2020, we returned to six sites that were
sampled in 2019, and selected six new sites in the Southwest Manitoba, Canada region
(n = 9 in SW Manitoba, n = 2 in south central Manitoba, n = 1 in SE Saskatchewan).
Samples were collected from July 15-25, 2019, and July 6-12, 2020. Each field had three
plots (30 × 30 m) located at least 100 m from the field edge, and at least 100 m from each
other. See Figure 1 for a map with all field site locations. Detailed information on the
field sites, including latitude and longitude, years sampled, cash crop and cover crop are
included in Table 1.

2.2 Foliar invertebrate bioinventory
An invertebrate bioinventory of each field was assembled by sampling the foliardwelling invertebrates from July 15-19, 2019, and July 6-11, 2020. Foliar insects were
captured using a sweep net (38 cm diam., Bioquip™, Rancho Dominguez, CA, USA).
Insects were collected at 50, 100, and 150 m from the field edge along a linear transect.
Sweeps (n = 50) were performed perpendicular to the transect, parallel to the field edge.
Arthropods were transferred to a sealed plastic bag and were frozen until processed. Once
back in the lab, arthropods were thawed, sorted from the plant material, and identified.
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All specimens were identified to the lowest possible taxonomic unit as possible and
assigned a functional group (detritivore, predator, pollinator, parasitoid, herbivore,
coprophage, or other/unknown). Due to lack of species identification knowledge and time
limitations, mites (Arachnida: Acari), thrips (Insecta: Thysanoptera), and springtails
(Hexapoda: Collembola) were not identified beyond the listed level and were not
included in the analyses of community metrics (abundance, species richness, diversity,
and evenness). All immature insects were identified to family and grouped together,
except for lepidopteran larvae, which were categorized as a morphospecies independent
of the adult stage due to their functional differences. All other specimens were identified
to species using written and online taxonomic keys. Specimens that were not able to be
positively identified to species were separated into distinct morphospecies. Voucher
specimens of all taxa are housed in the Mark F. Longfellow Biological Collection at Blue
Dasher Farm, Estelline, SD.

2.3 Detritivore community and services.
The detritivore arthropod community was isolated from the foliar community, and the
services as decomposers and nutrient cyclers were measured using litter bags. Detritivore
services were measured in 2019 (n = 12), using weight loss (g). Organic corn leaf litter
was gathered from a farm in eastern South Dakota and weighed to 10 g for each bag.
Litter bags were 20 × 20 cm, constructed using mesh with three different sized holes to
exclude different sized arthropods. The bags with small (<1 mm2) openings were made of
black chiffon fabric, and the bags of medium (1 mm2) and large (1 cm2) size openings
were made with a stiff plastic mesh. Within each plot, litterbags were anchored to the soil
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using landscape staples in a grid pattern of three rows of five bags (15 m between rows,
7.5 m within-row spacing), and the different mesh sizes were randomized within the grid.
Three plots of this grid pattern were applied in each field. A total of 675 litterbags were
deployed. Litterbags were placed in the fields in July during crop anthesis and collected
in late September after the growing season had ended. Some bags (56 of them) were
destroyed or lost throughout the season, by animals or accidentally by farmers. One field
(MB-08) had to be omitted completely because a tillage event destroyed all of the
litterbag samples. This resulted in a total of 575 litterbag samples, with an average of
39.91 ± 1.71 bags per field. Litterbags were dried to a constant weight, and the remaining
corn residue was washed, dried again, and weighed. The weight loss per litter bag was
recorded.

2.4 Granivore services
Granivorous invertebrates perform services as weed seed predators, and these
services were measured using seed cards. Granivore services were measured in 2019 and
2020. The most abundant three weed species in the Aspen Parkland Ecoregion of the
2016 Manitoba weed survey (Leeson et al., 2016) were green foxtail (Setaria viridis [L.]
Beauv [Poales: Poaceae]), wild oats (Avena fatua L. [Poales: Poaceae]) and barnyard
grass (Echinochloa spp. [Poales: Poaceae]). Seeds were purchased from V & J Seed
Farms (Woodstock, IL, USA). Weed seeds were attached to 10 × 8 cm plastic cards
(Avery™ insertable plastic dividers; #11200; Brea, CA, USA) with 6 cm strips of
double-sided tape (Scotch, 3M, St Paul, MN, USA). Before a seed was placed on a card it
was examined under the microscope for any visible damage. Seeds that were cracked,
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empty, soft, discolored, had previous insect damage, or not seemingly viable were
discarded. Each species (n = 20 seeds of each species; 60 seeds per card) were placed on
every card arranged in a 2 × 10 pattern. This is greater than or equal to the seed densities
naturally found in the Southwest Manitoba region (Leeson et al., 2016). After the seeds
were affixed, fine quartz sand was spread over exposed areas of the tape so that
invertebrates would not become stuck. To exclude granivory by vertebrates, a wire cage
(14 × 12 cm cage, 1.4 × 1.4 cm mesh opening) was placed over the card; the cage was > 3
cm above the card. Two metal landscaping staples were used to affix the card and cage
into place on the soil surface. Additional cards were used to control for seed loss from
environmental factors such as wind or rain. Control cards contained 1.5 × 1.5 mm black
glass beads (Cousin™ DIY, #AJM61215021, Largo, FL, USA) of comparable size as the
chosen weed seeds (Lundgren et al., 2006)
Each plot received three seed cards and one control card (n = 9 seed cards and three
control cards per field). One card was placed on the soil surface in the four corners of
each plot. Granivory was measured as the number of seeds removed or damaged per card
(Lundgren et al., 2006, 2013). After a 3-d exposure, every seed card was returned to the
laboratory and frozen until it could be processed. All seeds were examined
microscopically for insect damage, and the number of seeds damaged or missing per
species was recorded for each card.

2.5 Predator communities and services
Invertebrate predators were isolated from the foliar community. Additionally,
predation rates in each field were assessed using predation rates on sentinel wax moth

57

(Galleria mellonella L. [Lepidoptera: Pyralidae]) larvae. Predation services were
measured in 2019 and 2020. A G. mellonella larva was pinned with a size 0 black enamel
insect pin (Entochrysis™, Pardubice, Czech Republic) into the posterior abdominal
segment onto the top of a 1 × 1 × 1 cm pyramid of modeling clay (Sculpey™ original,
Polyform Products Co. Inc.™, Elk Grove Village, IL, USA). The clay was buried in the
soil so that the larva was exposed evenly on the soil surface. These larvae can survive
over 24 h restrained like this (Lundgren et al., 2006).
Sentinels were deployed in a grid pattern. Each plot contained 15 sentinels arranged
in a 5 × 3 orientation (n = 45 per field) with 7.5 m between sentinels and 15 m between
rows. At the end of the 1 h observation period, the larvae were checked for signs of
predation. The larvae were recorded as present/absent, alive/dead, and visible damage
was recorded. Any predators detected inside the observation site (within 15 cm of a larva)
were identified on sight or photographed for later identification down to the lowest
possible taxonomic level.

2.6 Pollinator communities and services
Invertebrate pollinators were isolated from the foliar community. Additionally, we
used bee bowls (i.e., pan traps) for surveying pollinator communities and their services.
Bee bowls are used to survey and collect the pollinators in flowering crops (Droege,
2015). These traps consisted of 96 mL clear plastic bowls (Dart™, #325PC, Mason,
Michigan, USA) painted one of three colors: white (Rustoleum™, #245210 satin white,
Vernon Hills, IL, USA), fluorescent yellow (Plastidip™ Blaze, fluorescent blaze yellow,
Blaine, MN, USA), and fluorescent blue (Plastidip™ Blaze, fluorescent blaze blue,
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Blaine, MN, USA). In each field, three transects of nine bee bowls (n = 27 bowls) were
deployed. Transects were at least 100 m from the field edge, and 100 m from each other.
Within each transect, nine bowls were placed 5 m apart, alternating blue, yellow, and
white (n = 3 of each color). Bowls were deployed when the weather was at least 16° C,
wind speeds of less than 6.7 m/s, and no rain forecasted for the next 24 h.
Each bee bowl was suspended in a wire loop attached to a plastic stake that pushed
into the ground. Traps were deployed at the height of the flowering portion of the
vegetation, or at 1 m from the soil surface when vegetation was taller than 1 m. Each trap
was ¾ filled with a solution of soapy water (5 mL of Dawn Original dish soap [Proctor &
Gamble, Cincinnati, OH 45202] per 3.8 L of water) which acts as a surfactant to prevent
the bees from escaping. After a 24 h survey period, specimens were filtered from the
fluid using a coffee filter, rinsed with alcohol, and put into a labeled Ziploc bag.
Specimens were frozen until they were processed in the lab.
Bees were washed of debris and dried to expose diagnostic hairs. Bees were identified
to species using Discoverlife lucid keys (www.discoverlife.org). All other pollinating
specimens (Diptera: Syrphidae, Coleoptera: Mordelidae and Melyridae, and delicate
Lepidoptera) were vouchered into morphospecies, and identified to the lowest taxonomic
unit.

2.7 Data analysis
All statistical data analyses were conducted using Statistix® 10 software
(Analytical Software, Tallahassee, FL, U.S.A.), with the exception of Cohen’s d effect
size calculations and False Discovery Rate (FDR), which were performed in R (R
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development Core Team, https://www.r-project.org/, version 4.0.2), using the package
Rstatix (Kassambara, 2021) and the package fuzzySim (Barbosa, 2022), respectively. All
figures were created using SigmaPlot (Systat Software, Inc., San Jose, CA).
Abandonment of tillage, herbicide, insecticide, fungicide, and synthetic fertilizers and use
of organic amendments (eco-tea, manure, etc.), cover crops and integration of livestock
were considered regenerative practices. The regenerative score was calculated by
assigning one point for each regenerative practice that was used on the farm. The farm
was considered conventional if the farm scored 0-4 points, and regenerative if the farm
scored 5-8 points (Table 2).
Simple linear regression analyses were calculated to predict the predator and
pollinator communities, as well as the ecosystem services (nutrient cycling, weed seed
granivory, predation, and pollination) based on the foliar invertebrate community metrics
(abundance, species richness, Shannon’s Diversity Index, evenness, and Simpson’s
Diversity Index). The False Discovery Rate (FDR) correction was used to adjust for
multiple comparisons between foliar invertebrate metrics and the ecosystem services and
communities. Mean ± SEM per field was calculated for the foliar invertebrate community
metrics. Simple linear regression analyses were calculated to predict foliar invertebrate
community metrics based on the number of regenerative practices. Two-sample t-tests
were used to determine any significant differences of the foliar community metrics
between conventional and regenerative treatments. Welch’s t-test was used for
determining differences between Shannon and Simpson’s diversity indices because of
unequal variances between treatments. Cohen’s d equation was used to test the effect
size. Springtails (Collembola), mites (Acarina), and immature specimens were excluded
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when calculating diversity metrics or when examining effects of the foliar community to
any of the other communities or ecosystem services due to their disproportionately large
abundances.
Invertebrate species collected from crop foliage were categorized into six
functional groups: predators, herbivores, pollinators, parasitoids, detritivores, and
coprophages. Invertebrates that do not fall into these categories were labeled as “other”,
and invertebrates that do not have described life histories were categorized as
“unknown”. Collembola (springtails), Symphyla, Thysanoptera (thrips), and Acari
(mites) were not included in invertebrate diversity metrics due to disproportionately large
abundances and identification difficulty but are listed in their appropriate feeding guilds.
A one-way ANOVA was used to determine if any significant differences of crop
residue degradation existed between the different bag types. Simple linear regression
analyses were calculated to predict the crop residue degradation based on the number of
regenerative practices. Two-sample t-tests were used to determine differences of crop
residue degradation between the conventional and regenerative treatments. Cohen’s d
equation was used to test the effect size.
The number of damaged seeds per seed card was counted for each individual
species and consumption rates determined for each farm. The mean ± SEM consumption
rate per farm was calculated for each weed seed, overall, and for each treatment. Twoway ANOVA tests were used to determine if seed consumption rates were statistically
different between the three individual species and year. Statistically significant means
were separated using Tukey’s HSD. Simple linear regression analyses were calculated to
predict weed seed consumption rates based on the regenerative score. Two-sample t-tests
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were used to determine differences of seed consumption rates between the conventional
and regenerative treatments. Cohen’s d equation was used to test the effect size.
Abundance of predators was tallied for each farm. Simple linear regression
analyses were calculated to predict predator abundance based on the regenerative score.
Two-sample t-tests were used to determine if predator abundance significantly differed
between conventional and regenerative treatments. Predation rate was calculated for each
farm. Simple linear regression analyses were calculated to predict predation rates based
on the regenerative score. Two-sample t-tests were used to determine if predation rate
significantly differed between years. Two-sample t-tests were used to determine if
predation rate significantly differed between conventional and regenerative treatments.
Cohen’s d equation was used to test the effect size. Welch’s t-test was used for
determining differences between predator abundance between year and treatment because
of unequal variances.
Abundance, species richness, Shannon’s Diversity Index, evenness, and
Simpson’s Diversity Index were calculated for the pollinator communities in each field.
Abundance and species richness were log transformed. Mean ± SEM was calculated for
each of those metrics for each field. Simple linear regression analyses were calculated to
predict pollinator community metrics based on regenerative score. Two-sample t-tests
were used to determine any significant differences between the pollinator community
metrics and year, as well as between conventional and regenerative treatments. Cohen’s d
equation was used to test the effect size.

3.0 Results

62

3.1 Invertebrate bioinventory.
A grand total of 31,763 invertebrates were gathered from the foliar environments and
bee bowls of the crop fields and identified to species to make a robust invertebrate
bioinventory of small-grain fields in the northern Great Plains. This collection includes
471 species from 14 orders: Acarina, Araneae, Coleoptera, Diptera, Ephemeroptera,
Hemiptera, Hymenoptera, Lepidoptera, Neuroptera, Odonata, Opiliones, Orthoptera,
Psocoptera, Thysanoptera.

3.1.1 Foliar arthropod community
In total, 30,276 specimens were collected from cropland foliage, representing 418
morphospecies from four classes (Arachnida, Collembola, Insecta , and Symphyla), 14
orders (Acarina, Araneae, Coleoptera, Diptera, Ephemeroptera, Hemiptera, Hymenoptera,
Lepidoptera, Neuroptera, Odonata, Opiliones, Orthoptera, Psocoptera, Thysanoptera),
116 families, and 145 identified genera. The three most abundant orders were Hemiptera
(6,365), Diptera (5,087), and Hymenoptera (1,196). Thysanoptera (12,686) and
Collembola (a class; 3,229) were both abundant in our samples but were not included in
the subsequent analyses. The orders with the most morphospecies were Diptera (200),
Hymenoptera (146), Hemiptera (80), Coleoptera (61), and Lepidoptera (42). When sorted
into functional guilds, herbivores dominated the community with sheer abundance
(20,703). Excluding arthropods with unknown/other diets, the remaining arthropods were
categorized as detritivores (3,534), predators (1,825), parasitoids (1,202), pollinators
(185), and coprophages (70). Herbivores also dominated the community in species
richness (203); the remaining morphospecies were assigned as parasitoids (141),
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predators (120), pollinators (42), detritivores (23), and coprophages (19). See Table 3 for
more details on the foliar invertebrate community, feeding guilds and field means ±
SEM.
Significant regression equations were found for multiple foliar community
diversity metrics based on the regenerative score. Species richness (R2 = 0.22, F1, 21 =
5.94, P = 0.03), Shannon’s diversity index (R2 = 0.26, F1, 21 = 7.30, P = 0.01), and
Simpson’s diversity index (R2 = 0.18, F1, 21 = 4.64, P = 0.04) significantly increased as
the regenerative score increased. Predicted species richness was equal to 22.54 + 7.64 *
(regenerative score) species, predicted Shannon H diversity index was equal to 1.68 +
0.21 * (regenerative score), and predicted Simpson’s diversity index was equal to 0.65 +
0.04 * (regenerative score) when the regenerative score is measured by the number of
regenerative practices. Invertebrate species richness, Shannon H diversity index, and
Simpson’s diversity index increased by 7.64, 0.21, and 0.04, respectively, for each
practice in the regenerative score.
When the fields were grouped into two separate treatments of regenerative and
conventional, the same foliar community metrics from the score analysis stayed
significant. Log transformed species richness (t22 = -2.28, P = 0.03, Cohen’s d = -1.44 [2.40, -0.48]) (Figure 2), Shannon’s diversity index (t13.3 = -2.6, P = 0.02, Cohen’s d = 1.51 [-2.4, -0.41]), and Simpson’s diversity index (t11.4 = -2.20, P = 0.05, Cohen’s d = 1.13 [-2.08, -0.01]) were all significantly higher for the foliar invertebrates in the
regenerative fields (Table 4).

3.2 Detritivore services.
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Corn residue masses lost were 3.04 ± 0.32, 2.80 ± 0.20, and 2.60 ± 0.19 g per bag for
the small, medium, and large-holed litterbags, respectively. The smallest-holed bags had
more decomposition than the medium or larger-holed bags, but not significantly so (F2, 30
= 1.15, P = 0.33).
After adjusting for FDR, no significant regression equations were found for the
decomposition of the litterbags based on multiple foliar arthropod community metrics (q
> 0.05). No significant regression equations were found for the decomposition of the crop
residue based on regenerative score (small size: R2 = 0.04, F1, 9 = 0.42, P = 0.53; medium
size: R2 = 0.03, F1, 9 = 0.29, P = 0.61; large size: R2 = 0.08, F1, 9 = 0.81, P = 0.39), nor the
individual treatments of conventional or regenerative (small size: t9 = 0.05, P = 0.96,
Cohen’s d = 0.03 [-1.85, 1.75]; medium size: t9 = -0.1, P = 0.92, Cohen’s d = -0.06 [1.56, 1.5]; large size: t9 = 0.16, P = 0.88, Cohen’s d = 0.09 [-1.92, 2.02]; overall: t9 =
0.04, P = 0.97, Cohen’s d = 0.02 [-1.59, 1.63]) (Table 5 and Figure 3A).

3.3 Granivore services
In each field, an average of 17.42 ± 2.54% (2,245 out of 12,906) weed seeds were
consumed throughout the two years. Overall granivory did not vary by year (F1, 66 = 0.05,
P = 0.82), with 16.97 ± 2.51% seeds consumed in 2019 and 17.87 ± 4.46% seeds
consumed in 2020. However, between the three species, consumption rates differed (F1, 66
= 19.22, P < 0.001), with wild oat consumed at a significantly higher rate than both
barnyard and foxtail. Wild oat was consumed the most often with 35.69 ± 5.75% (1,533)
seeds consumed. The next most consumed species was barnyard grass with 10.42 ±
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1.05% (447) seeds consumed, followed by green foxtail at 6.16 ± 1.05% (265) seeds
consumed.
After adjusting for FDR, no significant regression equations were found for seed
consumption rates based on diversity metrics of the foliar invertebrate community (q >
0.05). No significant regression equations were found for the consumption of weed seeds
based on regenerative score (wild oat: R2 = 0.007, F1, 21 = 0.14, P = 0.71; green foxtail:
R2 = 0.07, F1, 21 = 1.51, P = 0.23; and barnyard grass: R2 = 0.19, F1, 21 = 2.12, P = 0.16).
For the treatments of regenerative and conventional fields, granivory rate did not differ
overall (t22 = 0.06, P = 0.96, Cohen’s d = 0.02 [-0.85, 0.87]) (Figure 3B) or for any
individual weed species (foxtail: t22 = 0.06, P = 0.9, Cohen’s d = 0.18 [-0.65, 1.1];
barnyard: t22 = 0.95, P = 0.35, Cohen’s d = 0.58 [-0.47, 1.5]; wild oat: t22 = -0.84, P =
0.41, Cohen’s d = -0.17 [-1.02, 0.71]) (Table 5).

3.4 Predator communities and services.
A total of 433 waxworm larvae were eaten out of 1,043 larvae deployed in the two
years of the study (41.2 ± 5.05% per field). Of the 433 consumed larvae, 272 sentinels
were observed actively being eaten by predators at the end of the one-hour survey period.
Many predators were found in the area immediately surrounding the prey and actively
eating the sentinels. An average of 34.5 ± 10.53 predators were found in each field,
totaling 818 predators that were observed and identified. The most common predator taxa
observed were crickets (Orthoptera: Gryllidae; n = 275, 33.62%), harvestmen (Araneae:
Phalangiidae; n = 266, 32.52%), ants (Hymenoptera: Formicidae; n = 123, 15.04%), and
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ground beetles (Coleoptera: Carabidae; n = 91, 11.12%). The remaining predator taxa are
in Table 6 with more species-specific details and abundances.
Between years, there was significant differences in predator abundance (t11.4 = -2.6, P
= 0.02). In 2019, 10 ± 2.47 predators were found per field, while in 2020, 59 ± 18.66
were found per field, almost 6-fold more predators. Predation rate was also significantly
higher in 2020 (t22 = -2.43, P = 0.02). In 2019, predation rate was 29.57 ± 6.25% per
field, and significantly increased to 52.82 ± 7.23% in 2020.
No significant regression equations were found for predator abundance and predation
rates based on the foliar invertebrate community before or after adjusting for FDR (P and
adjusted P > 0.05). Although predator abundance and predation rate could not be
predicted based on the foliar community, a significant regression equation was found for
predation rate based on the observed predator abundance in each field (R2 = 0.53, F1, 22 =
24.49, P = 0.001). Predicted predation rate is equal to 28.67 + 0.36 * (predator
abundance) percent when predator abundance is measured. Predation rate increased by
0.36% for each predator observed.
A marginally significant equation for predator abundance and a significant regression
equation for predation rate were found based on regenerative score. Predator abundance
(R2 = 0.16, F1, 21 = 3.89, P = 0.06) and predation rate (R2 = 0.32, F1, 21 = 9.97, P = 0.005)
significantly increased as regenerative score increased. Predicted predation rate was equal
to -2.65 + 9.82 * (regenerative score) percent when the regenerative score is measured by
the number of regenerative practices. Predation rate increased by 9.82% for each
regenerative practice in the regenerative score.
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Comparing regenerative and conventional treatments, the number of predators is not
significantly different (t15.3 = -1.80, P = 0.09, Cohen’s d = -0.69 [-1.14, -0.13]), but we
did see a threefold increase from 15.80 ± 5.15 to 47.86 ± 17.03 predators between
treatments. The predation rate was significantly higher in regenerative fields (t22 = -2.50,
P = 0.02, Cohen’s d = -0.95 [-1.80, 0.07]), almost doubling from only 28.29 ± 7.4% in
conventional fields to 52.12 ± 6.15% in regenerative fields (Table 5 and Figure 3C).

3.5 Pollinator communities and services
In total, 1,487 bees were collected from small grain croplands using bee bowls,
representing 11 genera (Agapostemon, Andrena, Apis, Bombus, Halictus, Heriades,
Lasioglossum, Megachile, Melissodes, Pseudopanargus, and Sphecodes) from four
families (Andrenidae, Apidae, Halictidae, and Megachilidae). The top five genera with
the most bees collected included Lasioglossum (1,285; 86.42%), Andrena (73; 4.91%),
Halictus (45; 3.03%), Agapostemon (26; 1.75%), and Melissodes (24; 1.61%). Overall,
53 species were identified, with the largest number of species belonging to Lasioglossum
(29; 54.72%), then Andrena (11; 20.75%), Agapostemon (3; 5.66%), Halictus (2; 3.77%),
and Heriades (2; 3.77%). Lasioglossum dominated the pollinator community in both
abundance and species richness, due to the large quantity and diversity of the subgenus
Dialictus collected in our fields. The remaining bee taxa are in Table 7 with more
species-specific details, abundances, and field means ± SEM.
The bee communities differed in each year. In 2019, 520 bees were collected,
representing 42 different species from nine genera (Lasioglossum, Andrena, Halictus,
Agapostemon, Melissodes, Apis, Heriades, Pseudopanargus, and Megachile). The five
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most abundant genera were Lasioglossum (390, 75%), Andrena (44, (8.46%), Halictus
(25, 4.81%), and Agapostemon and Melissodes (20, 3.85%). The largest number of
individual species belonged to Lasioglossum (25, 59.52%), Andrena (8, 19.05%),
Agapostemon and Halictus (2, 4.76%). In 2020, we captured 965 bees from fields in the
same region, almost tripling the total bee abundance, but the species richness remained
similar to 2019 at 41. Specimens from the genera Bombus and Sphecodes were added in
2020, but Pseudopanargus and Megachile specimens were not found in this year. Eleven
new species to the inventory were found in 2020. Although a much higher number of
bees were caught in 2020, bee abundance was not statistically different between the years
(t14 = -1.11, P = 0.29). Other bee metrics were also insignificant between the years (P ˃
0.05).
After adjusting for FDR, no significant regression equations were found for the bee
community based on the foliar invertebrate community (adjusted P > 0.05). However,
significant regression equations were found for several bee community diversity metrics
based on regenerative score. Bees’ log-transformed bee abundance (R2 = 0.42, F 1, 21 =
15.38, P < 0.001) and log-transformed species richness (R2 = 0.33, F1, 21 = 10.16, P =
0.004) significantly increased as regenerative score increased. Bee evenness (R2 = 0.28,
F1, 20 = 7.68, P = 0.01) significantly decreased as regenerative score increased. Predicted
log-transformed bee abundance, log-transformed bee species richness and bee evenness is
equal to 0.23 + 0.27 * (regenerative score), 0.30 + 0.13 * (regenerative score), and 1.14 –
0.09 * (regenerative score), respectively, when the regenerative score is measured by the
number of regenerative practices. Other bee community diversity metrics were not
significant (P > 0.05) with regenerative score.
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When the fields are grouped into treatments of regenerative or conventional, logtransformed bee abundance (t22 = -3.05, P = 0.006, Cohen’s d = -1.38 [-2.44, -0.1]) and
log-transformed bee richness (t22 = -2.26, P = 0.03, Cohen’s d = -1.04 [-1.96, 0.07]) were
significantly higher in the regenerative treatment compared to the conventional (Figure
3D). Bee evenness was significantly lower (t21 = 2.81, P = 0.01, Cohen’s d = 1.65 [0.74,
2.33]) in the regenerative treatment. The diversity indices of Shannon H (t22 = -0.34, P =
0.74, Cohen’s d = -0.11 [-0.98, 0.78]) and Simpson (t22 = 1.20, P = 0.24, Cohen’s d =
0.61 [-0.64, 1.59]) were not significantly different between treatments (Table 5).

4.0 Discussion
Here, we document a diverse and abundant invertebrate community from the foliar
sweeps (30,276 specimens; 418 species), predators on the soil surface (818 specimens; 24
species), and the bee community (1,487 specimens, 53 species) in regenerative and
conventional cash grain systems. The foliar invertebrate community had greater species
richness and Shannon H diversity, predator community had threefold greater abundance
and higher predation rates, and the bee community had greater abundance and species
richness on regenerative farms. Not only were these findings statistically significant
between conventional and regenerative, but the Cohen’s d effect size on all of them was
“large”, and even “very large” for some comparisons. This indicates that the degree of
these significant findings is substantial and agricultural systems have considerable realworld impacts on foliar invertebrate diversity, predation rates from insect predators, and
bee populations.
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In other studies, increased insect diversity was observed in regenerative almond
orchards (Fenster, Oikawa, et al., 2021) and in other ecologically intensive food systems
(Carrié et al., 2018; Forrest et al., 2015; Kennedy et al., 2013; Schneider et al., 2014)
compared to conventional fields. The most common predators on the ground were in the
family Gryllidae (crickets), followed by Phalangiidae (harvestmen), Formicidae (ants),
and Carabidae (ground beetles), which all have been documented as common predators in
similar agricultural systems (Ashby & Pottinger, 1974; Brust et al., 1986; Monteith,
1971; Pfannenstiel & Yeargan, 2002; Sivasubramaniam et al., 1997). The bee community
was dominated by the Lasioglossum subgenus Dialictus (77% of specimens). This same
dominance was found in coffee (Ngo et al., 2013), potato (Buchanan et al., 2017), and
soybean (Le Féon et al., 2016), supporting the notion that Dialictus is an agrobiont. There
was an extreme bias in the sex ratio of bees in this study (99.4% of specimens were
female). This biased sex ratio is not typically reflective of pollinator communities
(Nooten & Rehan, 2019; Peterson & Roitberg, 2006), and suggests that bee bowls were
particularly attractive to foraging females in these habitats. Although many different
species call agricultural fields home, the original grassland prairie had greater insect
diversity (Nemec et al., 2014; Roch & Jaeger, 2014; Schmid et al., 2015). A
comprehensive bioinventory such as ours will facilitate knowing how invertebrate
communities react to changes in climate and land management and may serve as a
baseline for future studies on insect declines. It is also noteworthy that very few of the
collected taxa were considered agricultural pests, and this trend of low pest species was
also documented in cornfields (LaCanne & Lundgren, 2018), sunflowers (Bredeson &
Lundgren, 2015) and in rangelands (Schmid et al., 2021).
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Regenerative systems are comprised of interlinked practices that synergistically
produce regenerative outcomes like enhanced biodiversity and ecosystem services.
Tillage has a large, adverse effect on insect diversity and abundance (Rowen et al., 2020;
Ullmann et al., 2016) through direct mortality of tillage events, disruption of the soil
environment, and destruction of nesting habitat for solitary bees. Agrichemicals, such as
insecticides, herbicides, fungicides, and synthetic fertilizers also cause lethal and
sublethal effects on non-target insects (Ceulemans et al., 2017; De Armas et al., 2020;
Lundgren et al., 2013; Marvier et al., 2007; Seagraves & Lundgren, 2012; Siviter et al.,
2021; Tamburini et al., 2021; Taylor et al., 2006; Tooker & Pearsons, 2021; Vázquez et
al., 2020). In our study, none of the regenerative fields used insecticides, and nearly half
of the conventional fields used an insecticide. Regenerative fields in our study had almost
twice as many plant species as conventional fields through cover cropping and
interseeding, which has direct benefits to overall insect communities by providing
alternative foods and habitats (Bryan et al., 2021; Ebeling et al., 2018; Martinez et al.,
2020; Tillman et al., 2004). A meta-analysis (Langellotto & Denno, 2004) showed that
complex habitat structure had more abundant prey (Halaj & Wise, 2002; Lys & Nentwig,
1992), provided shelter from other predators (Frank et al., 2010), offered protection from
abiotic factors such as drought (Shehzad et al., 2021), and increased access to alternative
food sources such as nectar for omnivores and parasitoids (Altieri & Whitcomb, 1979;
Letourneau et al., 2011). Finally, adding organic amendments to the soil increases insect
predator communities (Aguilera et al., 2021), and integrating livestock into a habitat can
also enhance insect diversity and abundance (Adhikari & Menalled, 2020; BruningaSocolar et al., 2022). The greater invertebrate diversity that is fostered by regenerative
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practices is important because it improves ecosystem stability and functioning at many
different trophic levels (Lefcheck et al., 2015; Soliveres et al., 2016; Thébault & Loreau,
2006).
Foliar insect diversity often scales with the diversity of invertebrates in other
strata of a habitat, like soil organisms. We found that before correcting for False
Discovery Rate, increasing abundance and species richness of the insect community was
associated with greater rates of litter decomposition in the three sizes of litterbags and
overall, however, after the FDR correction this finding was no longer significant.
Microbes (bacteria and fungi) are responsible for about 90% of litter decomposition, but
other soil biota (collembola, mites, earthworms, millipedes, arthropods, and isopods)
break down the litter into smaller pieces and facilitate consumption by the microbial
community (Snyder & Hendrix, 2008). Regenerative fields undergo less disturbance, and
undisturbed fields have more detritivores such as microbes (Bowles et al., 2017; Druille
et al., 2015; Evans & Miller, 1990; Kabir, 2005) and more soil invertebrates such as
earthworms, arthropods, isopods, and mollusks (Petersen & Luxton, 1982; Rowen et al.,
2020). Although the results were insignificant, they can help guide more targeted
research in the future. It may be that there were greater levels of ambient residue on
regenerative soils, and the detritivore community was still stabilizing in response to these
resources. Examining these fields further along during their transition process may
produce different results.
Weed seed removal rates were high in these cash grain systems but were not
affected by regenerative practices implemented on a farm. Insects removed 5.81, 11.90,
3.47, and 2.05% of the overall, wild oat, barnyard, and green foxtail weed seeds per day,
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respectively, which falls into the range expected based on previous work (Brust & House,
1988; Cardina et al., 1996; Cromar et al., 1999). Based on calculations of Cromar et al.
(1999) and rates of seed rain from Bosnic and Swanton (1997), we estimate that insect
granivores in our study would consume 1,760 seeds, or 88% of the seeds dropped from
the barnyard grass in these fields. This level of granivory could greatly reduce the
number of potential seeds in the seed bank and future weed plants, thus would lessen the
need for herbicides for weed control. Most regenerative practices enhance granivory rates
(e.g., cover crops, (Cromar et al., 1999; Landis et al., 2005), reducing pesticides (Brust,
1990; Cutler et al., 2016), and eliminating tillage (Lundgren, 2009), so we were surprised
that we did not see increased seed removal in the regenerative fields. It is possible that
the habitat complexity led to greater food availability (Leclerc et al., 2021; Lundgren &
Harwood, 2016; Vankosky & VanLaerhoven, 2015) or reduced foraging efficiency of the
granivores (Saska, 2008), which may have affected granivory rates.
Natural enemies can reduce pest insect populations, which can reduce the need for
pesticides. Predation rates were greater on regenerative fields, and predator abundance on
the soil surface was positively associated with predation rates in this study. Predator
abundance is not always a strong correlate of predator function (Rivers et al., 2018), and
determining if higher predator numbers translates to an increase in predation services is
an important step in assessing ecosystem service potential (Lundgren & Fergen, 2010).
Incorporating plant diversity (Hertzog et al., 2017) by using cover crops (Lundgren &
Fergen, 2010; Rivers et al., 2018) has been well documented to increase predation rates
in agroecosystems. Other regenerative practices such as abandoning tillage (Tamburini et
al., 2016), insecticide (Douglas et al., 2015; Monzo et al., 2014) and synthetic fertilizers
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(Wang et al., 2021), and adding organic amendments (Jiang & Cheng, 2004) into
cropping systems also results in more predation in agroecosystems. We suspect that with
the level of predation attained by regenerative producers, insecticides may not be
necessary for pest management (Fenster, Oikawa, et al., 2021; LaCanne & Lundgren,
2018; Lundgren & Fausti, 2015).
Pollinator community structure is correlated with crop pollination efficiency and
yields (Abrol et al., 2019; Blüthgen & Klein, 2011; Chagnon et al., 1993; Eeraerts et al.,
2019; Garibaldi et al., 2014; Hoehn et al., 2008; Vasiliev & Greenwood, 2020; Winfree et
al., 2018) and regenerative practices helped to promote pollinator communities within
this farmland. Pollination services increased due to greater abundance and diversity of the
pollinator community in regenerative fields. Abandoning tillage and agrochemical usage
and incorporating cover crops are key outcomes of regenerative practices that increase
plant diversity and floral resources. By reducing disturbance (Winfree et al., 2009) and
increasing plant diversity (Nicholls & Altieri, 2012) in the field, pollination services are
enhanced. Specifically, tillage (Ullmann et al., 2016), herbicides (Vázquez et al., 2020),
insecticides (Brittain & Potts, 2011; Desneux et al., 2007; Hokkanen et al., 2017; Siviter
et al., 2021; Stanley et al., 2015), fungicides (Tamburini et al., 2021) and synthetic
fertilizer (Ceulemans et al., 2017) all contribute negative effects to pollination, while
cover cropping (Bryan et al., 2021), organic amendments (Banaszak-Cibicka et al., 2019)
and livestock integration (Bruninga-Socolar et al., 2022) enhance pollination services and
increase crop yields.
In this study, we used a sliding scale for measuring how regenerative a field is—the
regenerative score. This was important because the transition a farmer would make from
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a conventionally managed farm to a regeneratively managed farm may take multiple
years, with the number of regenerative practices increasing annually. Even after
regenerative changes are made in the field, our study shows that sometimes the
invertebrates and their ecosystem services do not respond or become functional within
that same year. The regenerative score has been used in the past for other studies of
almond, corn, and grassland systems, but is general and moldable in nature as to be
scaled up and applicable for many different regions (Fenster et al, 2021). Within our
study, the fields were all unique to each other, with no field growing the same cash and
cover crop. The regenerative score allowed us to standardize and group the fields together
and look at the fields from a systems point-of-view, with multiple farming practices
stacking on each other to make a cohesive agroecosystem.
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7.0 Figures

Figure 1. A map of field sites, centered around Brandon, Manitoba, Canada.
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Figure 2. Species richness of foliar invertebrates in conventional and regenerative fields.
Values (mean ± SEM) represent the species richness of the foliar invertebrates for each
field, by management system. (α = 0.05).
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Figure 3. Ecosystem services of nutrient cycling, granivory, predation and pollination,
represented by (A) litter decomposition, (B) weed seed granivory rate, (C) larvae
predation rate, and (D) bee species richness. (A) The mass loss (g) per litterbag during a
growing season in conventional and regenerative fields. (B) The percentage of weed seed
consumed during a 3-d exposure in conventional and regenerative fields. (C) The
percentage of sentinel wax moth (Galleria mellonella) larvae consumed during a 1-h field
exposure in conventional and regenerative fields. (D) The species richness of the bee
community in conventional and regenerative fields. Data presented are mean ± SEM per
field in each treatment. (α = 0.05).
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8.0 Tables
Field
1

Location
50.225, -97.269

Year
2020

Cash crop
Fava bean, wheat,
rye

2
3
4
4

49.074, -101.266
49.517, -100.705
49.193, -100.226
49.193, -100.226

2019
2019
2019
2020

Canola, peas
Brown flax
Rye, hairy vetch

5
6
6
7
7
8
8

49.116, -101.006
49.561, -99.365
49.561, -99.365
49.366, -98.748
49.366, -98.748
49.974, -100.563
49.974, -100.563

2019
2019
2020
2019
2020
2019
2020

9
10
10

49.090, -99.025
49.686, -99.824
49.686, -99.824

2019
2019
2020

Peas, oats, millet
Wheat
Oats, peas
Oats, sweet clover
Wheat
Oats
Hay (oats, hairy
vetch, timothy,
yellow clover)
Hay (alfalfa)
Flax, lentils
Oats, flax

11
12

50.579, -101.312
49.573, -99.937

2020
2020

Canola, peas
Wheat

13
14
14
15
16
17

49.238, -96.979
49.391, -99.023
49.391, -99.023
49.293, -100.510
48.719, -101.706
48.544, -99.519

2020
2019
2020
2020
2019
2019

Canola, peas
Wheat
Oats, peas
Canola
Peas
Peas

18

50.456, -101.913

2020

Red clover, winter
wheat

Cover crop
Alsike clover, orchard
grass, rye, white clover,
hairy vetch
Subterranean clover
Crown millet, German
millet, red proso millet,
hairy vetch, sorghum,
sunflower, turnip
Flax, red clover
Fall rye, hairy vetch
Sweet clover
Hairy vetch

Buckwheat, hairy vetch,
Italian rye
Rye
Turnip, hairy vetch, sweet
clover, timothy grass,
Italian rye, phacelia
Fall rye, hairy vetch

Buckwheat, lentils, radish,
turnips

Table 1. Location and characteristics of the field sites and year sampled.

Field Year Tillage Herbicide Insecticide Fungicide Synthetic Cover
Organic
Livestock Regenerative
Treatment
Fertilizer crop Amendment
Score
1
2020
yes
no
no
no
no
yes
no
no
5
Regenerative
2
2019
no
yes
yes
no
yes
no
no
no
2
Conventional
3
2019
yes
no
no
no
no
yes
yes
no
6
Regenerative
4
2019
yes
no
no
no
no
yes
no
no
5
Regenerative
4
2020
yes
no
no
no
no
yes
yes
yes
7
Regenerative
5
2019
yes
no
no
no
no
no
no
yes
5
Regenerative
6
2019
no
yes
no
no
yes
yes
no
no
4
Conventional
6
2020
no
yes
no
no
yes
yes
yes
no
5
Regenerative
7
2019
yes
no
no
no
no
no
no
no
4
Conventional
7
2020
yes
no
no
no
no
yes
no
no
5
Regenerative
8
2019
yes
no
no
no
no
yes
no
no
5
Regenerative
8
2020
no
no
no
no
no
yes
no
no
6
Regenerative
9
2019
no
no
no
no
no
no
no
no
5
Regenerative
10 2019
no
no
no
no
no
no
no
no
5
Regenerative
10 2020
yes
no
no
no
no
yes
no
yes
6
Regenerative
11 2020
no
yes
yes
no
yes
yes
no
no
3
Conventional
12 2020
yes
no
no
no
no
yes
yes
no
6
Regenerative
13 2020
yes
yes
yes
no
yes
yes
no
no
2
Conventional
14 2019
no
yes
no
no
yes
no
no
no
2
Conventional
14 2020
no
yes
no
yes
yes
no
no
no
3
Conventional
15 2020
no
no
Conventional
16 2019
no
yes
no
no
no
no
no
no
4
Conventional
17 2019
yes
yes
no
no
no
yes
no
no
4
Conventional
18 2020
no
no
no
no
no
yes
no
yes
7
Regenerative
Table 2. Description of the farm management practices. The regenerative score was calculated by assigning one point for each regenerative
practice: abandonment of tillage, herbicide, insecticide, fungicide, and synthetic fertilizers and use of organic amendments, cover crops and
livestock integration. The farm was considered conventional if it scored zero to four points, and regenerative if it scored five to eight points.
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Feeding Guilds
Coprophage
Heleomyzidae 01
Sarcophagidae 01
Sarcophagidae 03
Sarcophagidae 04
Sarcophagidae 05
Sarcophagidae 06
Sarcophagidae 07
Scathophagidae 01
Scatopsidae 01
Sepsidae 01
Sphaeroceridae 01
Sphaeroceridae 02
Sphaeroceridae 04
(N/A)
Detritivore
Carnidae 01
Cryptophagidae 01
Dermestidae 02
Drosophilidae 01
Latridiidae 01
Latridiidae 02
Latridiidae 03
Latridiidae 06
Mycetophagidae 01
Mycetophilidae 01
Phoridae 04
Phoridae 08
Psocoptera 01
Psychodidae 01
Psychodidae 02
Sciaridae 01
Sciaridae 02
Sciaridae 04
Scirtidae 01
Collembola
Herbivore
Acrididae 01
Acrididae 02
Acrididae 03
Acrididae 04
Acrididae 06

Abundance
70
2
6
1
1
1
1
1
1
2
8
39
4
2
1
3534
1
56
1
71
11
51
1
4
80
1
1
1
1
1
1
10
1
11
1
3229
20685
40
14
9
1
4

Mean ± SEM
0.08 ± 0.05
0.25 ± 0.13
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.33 ± 0.11
1.62 ± 0.93
0.16 ± 0.09
0.08 ± 0.08

0.04 ± 0.04
2.33 ± 1.93
0.04 ± 0.04
2.95 ± 2.1
0.45 ± 0.26
2.12 ± 1.37
0.04 ± 0.04
0.16 ± 0.16
3.33 ± 3.33
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.41 ± 0.2
0.04 ± 0.04
0.45 ± 0.19
0.04 ± 0.04

1.66 ± 0.89
0.58 ± 0.35
0.37 ± 0.22
0.04 ± 0.04
0.16 ± 0.16
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Acrididae 08
Acrididae 09
Acrididae 10
Acrididae 16
Acrididae 18
Agromyzidae 01
Agromyzidae 02
Agromyzidae 03
Agromyzidae 04
Aphididae 01
Aphididae 02
Aphididae 03
Aphididae 04
Aphididae 05
Cecidomyiidae 01
Cecidomyiidae 02
Cecidomyiidae 03
Cecidomyiidae 05
Cecidomyiidae 06
Cecidomyiidae 07
Cecidomyiidae 08
Cecidomyiidae 09
Cecidomyiidae 11
Cecidomyiidae 12
Cecidomyiidae 13
Chloropidae 01
Chloropidae 03
Chloropidae 04
Chloropidae 05
Chloropidae 07
Chloropidae 08
Chloropidae 14
Chloropidae 18
Chloropidae 20
Chloropidae 22
Chloropidae 24
Chloropidae 27
Chloropidae 29
Chloropidae 30
Chloropidae 39
Chrysomelidae 01
Chrysomelidae 02
Chrysomelidae 03

1
2
1
1
65
10
18
2
50
2859
272
427
276
63
10
5
117
29
3
1
4
2
2
2
1
146
345
190
29
9
16
1
1
2
1
35
1
3
2
1
3
22
63

0.04 ± 0.04
0.08 ± 0.05
0.04 ± 0.04
0.04 ± 0.04
2.7 ± 1.42
0.41 ± 0.18
0.75 ± 0.5
0.08 ± 0.05
2.08 ± 0.79
119.12 ± 47.9
11.33 ± 4.84
17.79 ± 9.48
11.5 ± 5.48
2.62 ± 2.19
0.41 ± 0.13
0.2 ± 0.12
4.87 ± 1.56
1.2 ± 1.12
0.12 ± 0.09
0.04 ± 0.04
0.16 ± 0.09
0.08 ± 0.05
0.08 ± 0.05
0.08 ± 0.08
0.04 ± 0.04
6.08 ± 1.96
14.37 ± 5.07
7.91 ± 4.45
1.2 ± 0.61
0.37 ± 0.18
0.66 ± 0.22
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.04 ± 0.04
1.45 ± 1.02
0.04 ± 0.04
0.12 ± 0.12
0.08 ± 0.08
0.04 ± 0.04
0.12 ± 0.12
0.91 ± 0.7
2.62 ± 1.12
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Chrysomelidae 04
Chrysomelidae 06
Chrysomelidae 08
Chrysomelidae 12
Chrysomelidae 31
Cicadellidae 01
Cicadellidae 02
Cicadellidae 04
Cicadellidae 05
Cicadellidae 06
Cicadellidae 07
Cicadellidae 08
Cicadellidae 09
Cicadellidae 10
Cicadellidae 11
Cicadellidae 12
Cicadellidae 14
Cicadellidae 15
Cicadellidae 16
Cicadellidae 18
Cicadellidae 35
Cicadellidae 42
Cicadellidae 45
Cicadellidae 48
Cicadellidae 56
Curculionidae 01
Curculionidae 02
Curculionidae 05
Curculionidae 07
Curculionidae 10
Curculionidae 11
Curculionidae 18
Curculionidae 22
Curculionidae 23
Curculionidae 27
Cydnidae 01
Delphacidae 01
Delphacidae 02
Lepidoptera larva 01
Lepidoptera larva 02
Lepidoptera larva 03
Lepidoptera larva 05
Lepidoptera larva 06

13
1
3
1
1
29
243
1
14
34
5
7
10
3
3
2
1
1
2
3
8
1
8
5
1
17
36
1
1
1
1
2
5
2
2
5
14
20
5
8
8
3
1

0.54 ± 0.37
0.04 ± 0.04
0.12 ± 0.06
0.04 ± 0.04
0.04 ± 0.04
1.2 ± 0.34
10.12 ± 3.28
0.04 ± 0.04
0.58 ± 0.5
1.41 ± 1.41
0.2 ± 0.2
0.29 ± 0.2
0.41 ± 0.23
0.12 ± 0.12
0.12 ± 0.06
0.08 ± 0.05
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.08
0.12 ± 0.06
0.33 ± 0.33
0.04 ± 0.04
0.33 ± 0.22
0.2 ± 0.2
0.04 ± 0.04
0.7 ± 0.43
1.5 ± 1.02
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.2 ± 0.17
0.08 ± 0.08
0.08 ± 0.08
0.2 ± 0.2
0.58 ± 0.22
0.83 ± 0.31
0.2 ± 0.1
0.33 ± 0.22
0.33 ± 0.25
0.12 ± 0.06
0.04 ± 0.04
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Lepidoptera larva 07
Lepidoptera larva 08
Lepidoptera larva 10
Lepidoptera larva 11
Lepidoptera larva 13
Lepidoptera larva 14
Lepidoptera larva 17
Lepidoptera larva 18
Lepidoptera larva 19
Lepidoptera larva 20
Lepidoptera larva 21
Lygaeidae 01
Lygaeidae 03
Meloidae 01
Meloidae 02
Meloidae 04
Miridae 01
Miridae 02
Miridae 03
Miridae 04
Miridae 05
Miridae 07
Miridae 09
Miridae 10
Miridae 14
Pentatomidae 03
Phalacridae 01
Phalacridae 02
Psyllidae 01
Psyllidae 04
Rhyparochromidae 01
Tenthredinidae 01
Tephritidae 01
Tephritidae 02
Tephritidae 03
Tephritidae 04
Tephritidae 06
Tephritidae 07
Tephritidae 08
Tetrigidae 01
Tettigoniidae 01
Tettigoniidae 02
Ulidiidae 02

8
2
26
28
1
172
1
1
2
2
8
15
1
1
8
2
250
49
5
86
72
5
1
1
2
14
4
3
1
1
17
2
1
9
32
14
1
1
1
1
1
2
4

0.33 ± 0.14
0.08 ± 0.08
1.08 ± 0.79
1.16 ± 0.71
0.04 ± 0.04
7.16 ± 3.66
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.08 ± 0.05
0.33 ± 0.25
0.62 ± 0.37
0.04 ± 0.04
0.04 ± 0.04
0.33 ± 0.22
0.08 ± 0.08
10.41 ± 2.5
2.04 ± 0.82
0.2 ± 0.2
3.58 ± 1.25
3 ± 1.42
0.2 ± 0.2
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.58 ± 0.3
0.16 ± 0.09
0.12 ± 0.06
0.04 ± 0.04
0.04 ± 0.04
0.7 ± 0.47
0.08 ± 0.08
0.04 ± 0.04
0.37 ± 0.14
1.33 ± 0.61
0.58 ± 0.29
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.16 ± 0.09
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(N/A)
Symphyla
Thysanoptera
Other
Anthomyiidae 01
Anthomyiidae 02
Anthomyiidae 03
Baetiscidae 01
Canacidae 01
Chironomidae 01
Chironomidae 02
Chironomidae 04
Chironomidae 06
Chironomidae 07
Chironomidae 08
Chironomidae 09
Chironomidae 10
Chironomidae 11
Chironomidae 12
Chironomidae 13
Chironomidae 16
Chironomidae 19
Chironomidae 21
Chironomidae 23
Chironomidae 24
Ephydridae 01
Ephydridae 02
Ephydridae 03
Ephydridae 05
Ephydridae 06
Sciomyzidae 03
Sciomyzidae 05
Sciomyzidae 06
Acari
Parasitoid
Bethylidae 04
Braconidae 01
Braconidae 02
Braconidae 04
Braconidae 06
Braconidae 09
Braconidae 10
Braconidae 11

1441
7
12686
2309
1290
1
6
1
35
36
7
1
6
28
19
19
139
34
45
51
10
219
1
1
1
89
53
1
11
1
1
1
4
198
1141
1
6
3
1
2
4
8
5

53.75 ± 13.79
0.04 ± 0.04
0.25 ± 0.25
0.04 ± 0.04
1.45 ± 1
1.5 ± 1.17
0.29 ± 0.14
0.04 ± 0.04
0.25 ± 0.25
1.16 ± 0.4
0.79 ± 0.41
0.79 ± 0.54
5.79 ± 5.32
1.41 ± 0.47
1.87 ± 0.79
2.12 ± 0.88
0.41 ± 0.21
9.12 ± 5.71
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
3.7 ± 1.27
2.2 ± 2.2
0.04 ± 0.04
0.45 ± 0.33
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.16 ± 0.11

0.04 ± 0.04
0.25 ± 0.17
0.12 ± 0.06
0.04 ± 0.04
0.08 ± 0.08
0.16 ± 0.11
0.33 ± 0.11
0.2 ± 0.1

107

Braconidae 12
Braconidae 14
Braconidae 15
Braconidae 17
Braconidae 18
Braconidae 24
Braconidae 29
Braconidae 38
Ceraphronidae 01
Ceraphronidae 02
Ceraphronidae 03
Ceraphronidae 04
Ceraphronidae 07
Ceraphronidae 08
Ceraphronidae 11
Diapriidae 02
Encyrtidae 01
Encyrtidae 02
Eucharitidae 01
Eucharitidae 04
Eulophidae 01
Eulophidae 02
Eulophidae 05
Eulophidae 06
Eulophidae 08
Eulophidae 09
Eulophidae 10
Eulophidae 11
Eulophidae 12
Eulophidae 14
Eulophidae 15
Eulophidae 17
Eulophidae 18
Eulophidae 29
Eurytomidae 01
Eurytomidae 02
Eurytomidae 04
Figitidae 01
Figitidae 02
Figitidae 03
Figitidae 04
Figitidae 05
Figitidae 12

2
3
8
41
7
7
1
2
49
2
2
1
1
1
1
1
4
220
1
10
3
2
1
3
1
2
21
8
3
3
2
1
1
2
1
16
1
2
1
6
1
1
1

0.08 ± 0.08
0.12 ± 0.09
0.33 ± 0.18
1.7 ± 1.25
0.29 ± 0.12
0.29 ± 0.25
0.04 ± 0.04
0.08 ± 0.05
2.04 ± 1.26
0.08 ± 0.08
0.08 ± 0.05
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.16 ± 0.13
9.16 ± 5.02
0.04 ± 0.04
0.41 ± 0.41
0.12 ± 0.06
0.08 ± 0.08
0.04 ± 0.04
0.12 ± 0.09
0.04 ± 0.04
0.08 ± 0.05
0.87 ± 0.42
0.33 ± 0.15
0.12 ± 0.09
0.12 ± 0.09
0.08 ± 0.05
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.04 ± 0.04
0.66 ± 0.66
0.04 ± 0.04
0.08 ± 0.05
0.04 ± 0.04
0.25 ± 0.21
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
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Ichneumonidae 05
Ichneumonidae 06
Ichneumonidae 09
Ichneumonidae 12
Ichneumonidae 14
Ichneumonidae 15
Ichneumonidae 16
Ichneumonidae 17
Ichneumonidae 18
Ichneumonidae 19
Megaspilidae 01
Mymaridae 01
Mymaridae 02
Mymaridae 04
Perilampidae 01
Perilampidae 02
Perilampidae 03
Platygastridae 01
Platygastridae 02
Platygastridae 06
Platygastridae 10
Platygastridae 18
Platygastridae 19
Platygastridae 24
Platygastridae 27
Platygastridae 28
Platygastridae 29
Platygastridae 30
Platygastridae 31
Proctotrupidae 01
Pteromalidae 01
Pteromalidae 02
Pteromalidae 03
Pteromalidae 04
Pteromalidae 05
Pteromalidae 10
Pteromalidae 12
Pteromalidae 13
Pteromalidae 14
Pteromalidae 16
Pteromalidae 17
Pteromalidae 20
Pteromalidae 22

9
1
5
1
2
1
1
1
1
1
1
1
1
1
1
2
2
55
172
4
6
1
4
8
1
1
1
2
1
1
3
265
19
7
19
2
2
2
1
1
2
1
1

0.37 ± 0.37
0.04 ± 0.04
0.2 ± 0.1
0.04 ± 0.04
0.08 ± 0.08
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.08 ± 0.08
2.29 ± 0.98
7.16 ± 5.86
0.16 ± 0.13
0.25 ± 0.21
0.04 ± 0.04
0.16 ± 0.16
0.33 ± 0.22
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.08
0.04 ± 0.04
0.04 ± 0.04
0.12 ± 0.06
11.04 ± 7.43
0.79 ± 0.32
0.29 ± 0.14
0.79 ± 0.58
0.08 ± 0.08
0.08 ± 0.05
0.08 ± 0.08
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.08
0.04 ± 0.04
0.04 ± 0.04
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Pteromalidae 23
Pteromalidae 28
Pteromalidae 31
Tachinidae 01
Tachinidae 03
Tachinidae 04
Tachinidae 06
Tachinidae 09
Tachinidae 10
Tachinidae 11
Tachinidae 16
Torymidae 02
Trichogrammatidae 01
Trichogrammatidae 04
Trichogrammatidae 06
Trichogrammatidae 07
Trichogrammatidae 09
Pollinator
Apidae 01
Apidae 02
Apidae 03
Bombyliidae 02
Crambidae 01
Crambidae 02
Gelechioidea 01
Gelechioidea 02
Gelechioidea 03
Gelechioidea 04
Gelechioidea 05
Gelechioidea 06
Gelechioidea 08
Halictidae 01
Halictidae 04
Halictidae 06
Halictidae 08
Megachilidae 01
Nepticulidae 01
Pyralidae 01
Syrphidae 01
Syrphidae 02
Syrphidae 03
Syrphidae 08
Syrphidae 10

1
2
1
10
8
7
1
5
1
1
1
5
1
1
2
1
2
185
6
1
1
2
1
1
1
5
21
6
3
2
3
3
2
1
1
1
10
3
84
1
4
1
1

0.04 ± 0.04
0.08 ± 0.05
0.04 ± 0.04
0.41 ± 0.23
0.33 ± 0.14
0.29 ± 0.18
0.04 ± 0.04
0.2 ± 0.13
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.2 ± 0.1
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.08
0.04 ± 0.04
0.08 ± 0.05
0.25 ± 0.15
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.08
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.2 ± 0.17
0.87 ± 0.79
0.25 ± 0.12
0.12 ± 0.09
0.08 ± 0.08
0.12 ± 0.12
0.12 ± 0.09
0.08 ± 0.05
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.41 ± 0.34
0.12 ± 0.06
3.5 ± 0.94
0.04 ± 0.04
0.16 ± 0.07
0.04 ± 0.04
0.04 ± 0.04
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Syrphidae 12
Syrphidae 14
Syrphidae 15
Tortricidae 01
Tortricidae 02
Tortricidae 03
Yponomeutoidea 01
Predator
Anthocoridae 01
Araneidae 03
Berytidae 01
Cantharidae 01
Carabidae 02
Carabidae 05
Ceratopogonidae 01
Ceratopogonidae 02
Ceratopogonidae 03
Ceratopogonidae 04
Ceratopogonidae 05
Ceratopogonidae 06
Ceratopogonidae 07
Ceratopogonidae 09
Chamaemyiidae 01
Chamaemyiidae 03
Chloropidae 02
Chrysopidae 01
Chrysopidae 02
Cleridae 02
Coccinellidae 01
Coccinellidae 02
Coccinellidae 03
Coenagrionidae 01
Coenagrionidae 02
Coniopterygidae 01
Culicidae 01
Culicidae 02
Culicidae 03
Dictynidae 01
Dolichopodidae 01
Dolichopodidae 02
Dolichopodidae 04
Dolichopodidae 05
Dolichopodidae 06

6
1
1
8
2
1
1
1791
129
15
2
1
1
2
27
69
199
1
1
1
9
1
2
1
339
3
3
2
9
1
1
9
7
1
51
14
2
6
35
5
68
75
6

0.25 ± 0.1
0.04 ± 0.04
0.04 ± 0.04
0.33 ± 0.21
0.08 ± 0.05
0.04 ± 0.04
0.04 ± 0.04
5.37 ± 1.89
0.62 ± 0.29
0.08 ± 0.08
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
1.12 ± 0.48
2.87 ± 0.98
8.29 ± 3.27
0.04 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.37 ± 0.22
0.04 ± 0.04
0.08 ± 0.08
0.04 ± 0.04
14.12 ± 7.81
0.12 ± 0.06
0.12 ± 0.06
0.08 ± 0.08
0.37 ± 0.15
0.04 ± 0.04
0.04 ± 0.04
0.37 ± 0.14
0.29 ± 0.21
0.04 ± 0.04
2.12 ± 0.96
0.58 ± 0.42
0.08 ± 0.08
0.25 ± 0.17
1.45 ± 0.85
0.2 ± 0.14
2.83 ± 1.19
3.12 ± 1.03
0.25 ± 0.17
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Dolichopodidae 07
Dolichopodidae 09
Formicidae 01
Formicidae 04
Formicidae 06
Formicidae alate 05
Geocoridae 01
Hybotidae 01
Hybotidae 02
Hybotidae 03
Hybotidae 04
Hybotidae 06
Lestidae 01
Linyphiidae 02
Linyphiidae 03
Linyphiidae 04
Linyphiidae 05
Linyphiidae 06
Linyphiidae 11
Linyphiidae 18
Melyridae 01
Mordellidae 01
Muscidae 01
Muscidae 04
Nabidae 01
Phalangiidae 01
Reduviidae 02
Simuliidae 01
Sphecidae 01
Staphylinidae 01
Staphylinidae 02
Stratiomyidae 01
Tabanidae 01
Tetragnathidae 01
Tetragnathidae 03
Therevidae 01
Therevidae 02
Thomisidae 03
Thomisidae 05
Thomisidae 06
(N/A)
Unknown
Unknown Coleoptera

1
3
1
5
1
1
7
19
124
20
37
1
3
3
2
4
1
1
2
1
18
2
6
7
96
7
1
1
2
1
1
4
3
4
5
3
1
1
2
1
290
447
1

0.04 ± 0.04
0.12 ± 0.12
0.04 ± 0.04
0.2 ± 0.17
0.04 ± 0.04
0.04 ± 0.04
0.29 ± 0.18
0.79 ± 0.31
5.16 ± 2.03
0.83 ± 0.49
1.54 ± 0.98
0.04 ± 0.04
0.12 ± 0.06
0.12 ± 0.09
0.08 ± 0.05
0.16 ± 0.09
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.08
0.04 ± 0.04
0.75 ± 0.34
0.08 ± 0.08
0.25 ± 0.25
0.29 ± 0.14
4 ± 1.81
0.29 ± 0.14
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.04 ± 0.04
0.04 ± 0.04
0.16 ± 0.16
0.12 ± 0.06
0.16 ± 0.16
0.2 ± 0.12
0.12 ± 0.09
0.04 ± 0.04
0.04 ± 0.04
0.08 ± 0.05
0.04 ± 0.04

0.04 ± 0.04
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Lauxaniidae 01
Tipulidae 01
(N/A)
Grand Total

414
7
25
30162

17.25 ± 12.82
0.29 ± 0.17

Table 3. Foliar invertebrate bioinventory from regenerative and conventional cropland in
Manitoba, Saskatchewan, and North Dakota. Invertebrate morphospecies captured in
foliar crop are listed for each feeding guild: coprophage, detritivore, herbivore,
parasitoid, predator, other and unknown. Values are total abundance and mean ± SEM
per farm for each morphospecies across all 24 farms. N/A indicates immature specimens
that were aggregated together and not identified to species. Collembola (springtails),
Symphyla, Thysanoptera (thrips), and Acari (mites) were not included in invertebrate
diversity metrics due to disproportionately large abundances and identification difficulty
but are listed here in their appropriate feeding guilds. Some specimens may belong in
multiple guilds because they are omnivorous, or because of the different feeding ecology
of the larval and adult forms (e.g., Syrphidae, Chrysopidae, etc.), but we chose the guild
most dominant for the specimen.

Foliar Invertebrate Community
Abundance
Species richness (log transformed)
Shannon H diversity index
Evenness
Simpson’s diversity index

Conventional
536.91 ± 132.04
1.63 ± 0.06
2.33 ± 0.21
0.71 ± 0.02
0.76 ± 0.05

Regenerative
490.69 ± 91.91
1.79 ± 0.04
2.91 ± 0.08
0.62 ± 0.05
0.87 ± 0.01

Statistics
t22 = -0.29, P = 0.78
t22 = -2.28, P = 0.03*
t13.3 = -2.6, P = 0.02*
t11.4 = -1.72, P = 0.11
t11.4 = -2.20, P = 0.05*

Effect Size
-0.06 [-0.92, 0.80]
-1.44 [-2.40, -0.48]****
-1.51 [-2.4, -0.41]****
-0.83 [-1.82, 0.23]***
-1.13 [-2.08, -0.01]***

Table 4. Foliar invertebrate community metrics by management system. Values represent mean ± SEM per farm of the foliar
invertebrate community metrics in each management system. Effects size values are calculated from Cohen’s d with a 95%
Confidence Interval (CI) in brackets. Within the statistics column, asterisks denote significant differences between treatments;
significance level α = 0.05. Within the effect size column, one, two, three, and four asterisks denote a small, medium, large, and very
large effect sizes: small effect size ≥ 0.3, medium effect size ≥ 0.5, large effect size ≥ 0.8, and very large ≥ 1.2.
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Ecosystem Service
Litter Decomposition
Small
Medium
Large
Overall
Weed Seed Granivory
Foxtail damaged
Barnyard grass damaged
Wild oat damaged
Overall damaged
Predation
Predator abundance
Sentinel predation rate
Bee Community
Abundance (log transformed)
Species richness (log transformed)
Shannon H diversity index
Evenness
Simpson’s diversity index

Conventional

Regenerative

Statistics

Effect Size

3.05 ± 0.25
2.78 ± 0.30
2.63 ± 0.19
2.82 ± 0.24

3.03 ± 0.44
2.83 ± 0.29
2.56 ± 0.37
2.81 ± 0.36

t9 = 0.05, P = 0.96
t9 = -0.1, P = 0.92
t9 = 0.16, P = 0.88
t9 = 0.04, P = 0.97

0.03 [-1.85, 1.75]
-0.06 [-1.56, 1.5]
0.09 [-1.92, 2.02]
0.02 [-1.59, 1.63]

6.22 ± 1.87%
6.1 ± 1.19%
12.35 ± 2.63% 8.78 ± 2.63%
30.39 ± 7.05% 40.17 ± 8.86%
16.32 ± 2.93% 18.57 ± 3.45%

t22 = 0.06, P = 0.9
t22 = 0.95, P = 0.35
t22 = -0.84, P = 0.41
t22 = 0.06, P = 0.96

0.18 [-0.65, 1.1]
0.58 [-0.47, 1.5]**
-0.17 [-1.02, 0.71]
0.02 [-0.85, 0.87]

15.80 ± 5.15
28.29 ± 7.4%

47.86 ± 17.03
52.12 ± 6.15%

t15.3 = -1.80, P = 0.09
t22 = -2.50, P = 0.02*

-0.69 [-1.14, -0.13]**
-0.95 [-1.80, 0.07]***

1.05 ± 0.19
0.71 ± 0.12
1.37 ± 0.22
0.87 ± 0.05
0.76 ± 0.09

1.74 ± 0.13
1.01 ± 0.07
1.47 ± 0.19
0.63 ± 0.07
0.62 ± 0.07

t22 = -3.05, P = 0.006*
t22 = -2.26, P = 0.03*
t22 = -0.34, P = 0.74
t21 = 2.81, P = 0.01*
t22 = 1.20, P = 0.24

-1.38 [-2.44, -0.1]****
-1.04 [-1.96, 0.07]***
-0.11 [-0.98, 0.78]
1.65 [0.74, 2.33]****
0.61 [-0.64, 1.59]**

Table 5. Ecosystem services by management system. Values represent mean ± SEM for ecosystem services per farm in each
management system. Effects size values are calculated from Cohen’s d with a 95% Confidence Interval (CI) in brackets. Within the
statistics column, asterisks denote significant differences between treatments; significance level α = 0.05. Within the effect size
column, one, two, three, and four asterisks denote a small, medium, large, and very large effect sizes: small effect size ≥ 0.3, medium
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effect size ≥ 0.5, large effect size ≥ 0.8, and very large ≥ 1.2.
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Class
Arachnida

Order
Araneae

Family
Phalangiidae

Genus
Opiliones

Species

n
266
6
Chilopoda Lithobiomorpha
9
Insecta
Coleoptera
Carabidae
Agonum
A. placidum
7
A. cupripenne 2
Amara
A. cupreolata
5
1
Bembidion
2
Calosoma
C. calidum
16
larvae
4
Collops
1
Harpalinae
1
Poecilus
P. lucublandis 5
Pterostichus P. melanarius 2
P. permundus
1
44
Anthomyiidae
1
Sarcophagidae
2
Tachinidae
1
3
Hemiptera
Geocoridae
Geocoris
G. punctipes
29
Hymenoptera
Formicidae
123
Orthoptera
Acrididae
10
Gryllidae
275
Unknown insect
3

Table 6. The predator taxa identified in the observation area of the wax moth larvae
(Galleria mellonella) sentinels. A total of 818 predators were observed. Of the 433
consumed larvae, 272 sentinels were observed actively being eaten by these predators at
the end of the one-hour survey period.

Family
Halictidae
Halictidae
Halictidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Andrenidae
Apidae
Apidae
Halictidae
Halictidae
Megachilidae
Megachilidae
Halictidae
Halictidae
Halictidae
Halictidae
Halictidae
Halictidae
Halictidae

Genus
Agapostemon
Agapostemon
Agapostemon
Andrena
Andrena
Andrena
Andrena
Andrena
Andrena
Andrena
Andrena
Andrena
Andrena
Andrena
Apis
Bombus
Halictus
Halictus
Heriades
Heriades
Lasioglossum
Lasioglossum
Lasioglossum
Lasioglossum
Lasioglossum
Lasioglossum
Lasioglossum

Species
Agapostemon texanus
Agapostemon splendens
Agapostemon virescens

Apis mellifera
Bombus fervidus
Halictus rubicundus
Halictus confusus
Heriades variolosa
Heriades carinatus
Lasioglossum imatatum

n
24
1
1
25
1
9
4
13
13
2
2
1
2
1
23
1
27
18
4
1
10
6
27
1
1
8
4

Mean ± SEM
1 ± 0.88
0.04 ± 0.05
0.04 ± 0.05
1.04 ± 0.58
0.04 ± 0.05
0.37 ± 0.3
0.16 ± 0.18
0.54 ± 0.29
0.54 ± 0.29
0.08 ± 0.08
0.08 ± 0.08
0.04 ± 0.05
0.08 ± 0.11
0.04 ± 0.05
0.95 ± 0.54
0.04 ± 0.05
1.12 ± 0.56
0.75 ± 0.4
0.16 ± 0.13
0.04 ± 0.05
0.41 ± 0.58
0.25 ± 0.29
1.12 ± 1
0.04 ± 0.05
0.04 ± 0.05
0.33 ± 0.23
0.16 ± 0.13
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Morphospecies
Agapostemon 01
Agapostemon 02
Agapostemon 03
Andrena 01
Andrena 02
Andrena 03
Andrena 04
Andrena 05
Andrena 06
Andrena 07
Andrena 08
Andrena 09
Andrena 10
Andrena 11
Apis 01
Bombus 01
Halictus 01
Halictus 02
Heriades 01
Heriades 02
Lasioglossum 01
Lasioglossum 02
Lasioglossum 03
Lasioglossum 04
Lasioglossum 05
Lasioglossum 06
Lasioglossum 07
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Lasioglossum 08
Halictidae
Lasioglossum
4
0.16 ± 0.13
Lasioglossum 09
Halictidae
Lasioglossum
6
0.25 ± 0.21
Lasioglossum 10
Halictidae
Lasioglossum
Lasioglossum admirandum
23
0.95 ± 0.6
Lasioglossum 11
Halictidae
Lasioglossum
5
0.2 ± 0.14
Lasioglossum 12
Halictidae
Lasioglossum
8
0.33 ± 0.3
Lasioglossum 13
Halictidae
Lasioglossum
1
0.04 ± 0.05
Lasioglossum 14
Halictidae
Lasioglossum
3
0.12 ± 0.17
Lasioglossum 15
Halictidae
Lasioglossum
2
0.08 ± 0.08
Lasioglossum 16
Halictidae
Lasioglossum
Lasioglossum pilosum
39
1.62 ± 1.08
Lasioglossum 17
Halictidae
Lasioglossum
18
0.75 ± 0.4
Lasioglossum 18
Halictidae
Lasioglossum
10
0.41 ± 0.28
Lasioglossum 19
Halictidae
Lasioglossum
Lasioglossum albipenne
12
0.5 ± 0.35
Lasioglossum 20
Halictidae
Lasioglossum
8
0.33 ± 0.29
Lasioglossum 21
Halictidae
Lasioglossum
Lasioglossum perpunctatum 228
9.5 ± 9.72
Lasioglossum 22
Halictidae
Lasioglossum
6
0.25 ± 0.17
Lasioglossum 23
Halictidae
Lasioglossum
Lasioglossum cressonii
702 29.25 ± 14.57
Lasioglossum 24
Halictidae
Lasioglossum
16
0.66 ± 0.44
Lasioglossum 25
Halictidae
Lasioglossum
1
0.04 ± 0.05
Lasioglossum 26
Halictidae
Lasioglossum
Lasioglossum leucozonium
71
2.95 ± 3.17
Lasioglossum 27
Halictidae
Lasioglossum
Lasioglossum paraforbesii
51
2.12 ± 1.18
Lasioglossum 28
Halictidae
Lasioglossum
Lasioglossum zonulum
13
0.54 ± 0.38
Lasioglossum 29
Halictidae
Lasioglossum
Lasioglossum oenotherae
1
0.04 ± 0.05
Megachile 01
Megachilidae
Megachile
Megachile brevis
1
0.04 ± 0.05
Melissodes 01
Apidae
Melissodes
24
1 ± 0.93
Pseudopanargus 01
Andrenidae
Pseudopanargus
Pseudopanargus parvus
1
0.04 ± 0.05
Sphecodes 01
Halictidae
Sphecodes
Sphecodes phosphurus
1
0.04 ± 0.05
Unknown bee
2
0.08 ± 0.08
Table 7. Pollinator community bioinventory. Values are abundances and mean ± SEM per farm for morphospecies across all 24 farms.
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CHAPTER THREE: EFFECTS OF REGENERATIVE AGRICULTURE ON
IMPERILED BIRD COMMUNITIES

Abstract
Conventional agricultural practices can have unintended consequences on the
environment and wildlife. Birds worldwide are declining at a rapid rate, and groups such
as the grassland birds are the most imperiled. In an effort to find solutions to these trends,
we examined the effect of regenerative practices (farming practices that promote soil
health and biological diversity) on the bird community and insects as a prey source
relative to conventional farms. Point-count bird surveys and sweep net collections of
foliar insects were performed on 24 sites in southern Manitoba, southwestern
Saskatchewan, and northern North Dakota over 2 years. Insects and birds were identified
to species level and birds were grouped into feeding and habitat categories. The fields
were classified as regenerative or conventional by the number of regenerative practices
that were employed during that year. Overall bird abundance, as well as wetlanddependent bird abundance, declined in regenerative fields. Insectivorous birds declined as
more regenerative practices were added and were not related to insect abundance or
diversity. However, grassland bird and Canadian-listed threatened and endangered bird
abundances were significantly higher in regenerative fields. The farming practices that
are essential to a regenerative system have a positive impact on North America’s most
vulnerable bird species.

Key words: insect, decline, grassland, endangered, ecosystem service, biodiversity
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1.0 Introduction
Bird abundance is in decline around the world within several different bird guilds
(Bowler et al., 2019; Garbett et al., 2018) and habitat types (Cooper et al., 2017; Donald
et al., 2001; Dunn et al., 2021). In North America, bird abundance has declined by 29%
over the past 50 years (Rosenberg et al., 2019). Rachel Carson predicted “a spring
without voices” (Carson, 1962), and based on a recent study from Morrison et al. (2021),
this warning is coming to fruition 60 years later. A “pervasive loss of acoustic diversity
and intensity of soundscapes” of bird song was recorded within the last 25 years
throughout North America and Europe (Morrison et al., 2021).
Modern agriculture is implicated as the most prevalent contributor to bird declines,
primarily due to habitat loss and pesticide use (Bowler et al., 2019; Donald et al., 2001;
Stanton et al., 2018). As conventional agriculture expands and simplifies, habitat loss
occurs as land is converted to monocrops, and pesticide application and other chemical
inputs are increased to replace ecological processes that occur on natural land (Wright &
Wimberly, 2013). Tallgrass prairie is now considered one of the rarest and most
endangered ecosystems on the planet, with only 4% of the original land remaining intact
and unplowed (Steinauer & Collins, 1996). Seventy-three million hectares of grassland
once dominated North America, stretching from the Rockies to the Mississippi River, and
from southern Canada to Texas. The remaining intact prairies in the Great Plains are
filled with an array of plants and animals, including 307 native bird species (American
Prairie Reserve, 2014). Over half of the abundance of grassland-obligate birds has been
lost in the last 50 years (Rosenberg et al., 2019). Even common grassland birds are
affected by habitat loss, specifically shown in western meadowlark (Sturnella neglecta)
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populations, which have declined 68% in the last 50 years, totaling in a loss of over 65
million meadowlarks (Rosenberg et al., 2019).
In the Prairie Pothole region in the heart of the northern Great Plains, wetlands are
routinely drained and tilled for crop production. The United States historically contained
about 89 million ha of wetlands, but by the mid-1980s, 22 states had already converted
over half of their wetlands to agriculture, and of those 22 states, six had converted 85% of
their wetlands (Dahl et al., 1991). Since 1985, 98% of further freshwater wetland loss has
occurred in the Great Plains (McIntyre et al., 2014). However, successful governmental
programs and legislation implemented in the 1980s (e.g., Clean Water Act, North
American Wetlands Conservation Act) and massive NGO efforts (e.g., Ducks Unlimited)
to preserve wetlands are having a positive impact on some wetland-dependent birds.
While waterfowl have increased by 56% since 1970, shorebird and waterbird abundances
have declined by 37.4% and 21.5%, respectively, in the same time frame (Rosenberg et
al., 2019).
Each year in the United States, 72 million birds die from direct pesticide exposure
(Pimentel, 2005), with an additional 2.7 million pesticide-related mortalities per year in
Canada (Calvert et al., 2013). Pimentel (2005) describes many cases of bird kills from
pesticides, most notably, in 1995 an estimated 20,000 Swainson’s hawks that died in
Argentina from pesticide poisoning. Neonicotinoid insecticides, the dominant pesticide
used worldwide (Douglas & Tooker, 2015; Goulson, 2013), have many negative effects
on nontarget organisms, including birds. In the Netherlands, bird decline was
significantly higher in areas with 20 ng/L of imidacloprid in their surface waters. In those
high concentration areas, bird populations declined by an average of 3.5% per year
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(Hallmann et al., 2014). In Saskatchewan’s prairie pothole region, neonicotinoids were
found in 16-91% of their wetlands, depending on the time of year (Main et al., 2014).
This widespread use also harms aquatic invertebrates, which are an important food
resource for insectivorous birds (Morrissey et al., 2015). Insecticides also cause sublethal
effects on birds’ behavior and physiology, such as impaired migration ability (Eng et al.,
2017), thermoregulation (Friend & Franson, 1999), neurological and muscular spasms,
immobility, and difficulty breathing (Hudson & Haegele, 1984). Additionally, herbicides
also inflict adverse effects on birds; Sugrue et al. (2008) documented disrupted thyroid
function and molt progression in the American goldfinch after exposure to the herbicide
linuron.
Pesticides indirectly affect insectivorous birds by reducing the number of
invertebrates (Bowler et al., 2019; Møller, 2019; Møller et al., 2021). Many birds depend
on insects as prey; some eat insects as their primary food source, while others only
consume protein-rich insects in the breeding and nesting seasons to help support their
young. Insecticides reduced insect abundance in conventional fields compared to organic
fields (Hole et al., 2005). Herbicides such as Dicamba and 2,4-D have direct lethality to
insects (Freydier & Lundgren, 2016). Herbicides also indirectly reduce invertebrate
populations by changing plant community diversity and eliminating insect habitat (Taylor
et al., 2006). A reduction in arthropod prey due to herbicide treatments was linked to a
77% decline in grey partridges in the U.K. (Potts, 1986; Southwood & Cross, 1969).
Birds provide farmers with valuable ecosystem services such as crop pollination
(Stiles, 1981), seed dispersal (Bascompte & Jordano, 2007; Garcia et al., 2010), a source
of fertilizer from guano (Whelan et al., 2008), and pest control of invertebrates

122

(Greenberg et al., 2000; Jedlicka et al., 2011; Karp & Daily, 2014; Mäntylä et al., 2011;
Martínez-Núñez et al., 2020; Mols & Visser, 2007; Mösch et al., 2018; Nyffeler et al.,
2018; Sanz, 2001), small mammals (St. George & Johnson, 2021), and weeds (Holmes &
Froud-Williams, 2005). The ecosystem services provided by birds could increase crop
yields from pollination services and decrease agrichemical costs from insect, rodent, and
weed pest control services, though these services have yet to be comprehensively valued
monetarily (Whelan et al., 2015).
Regenerative agriculture grows food in tandem with nature by reducing
disturbances and agrichemical inputs and increasing biodiversity and a profitable bottom
line (Fenster, LaCanne, et al., 2021; Fenster, Oikawa, et al., 2021; LaCanne & Lundgren,
2018). It is important to note that the productivity of a food system is maintained by
natural processes driven by microbial, plant, and animal communities, and practices that
utilize cover crops, organic amendments, and livestock rotations enhance these biological
groups. Additionally, eliminating tillage and agrichemicals reduces overall disturbance.
Regenerative agriculture may enhance bird communities by increasing habitat and food
availability for birds, as the landscape heterogeneity and insect diversity is shown to
increase in regenerative systems (Fenster, Oikawa, et al., 2021).
Although many studies on the effects of agriculture on birds recommend
conservation-oriented farming schemes, few studies examine successful farming systems
that account for and implement the suggested farming practices together into one system.
In this study, we surveyed the foliar arthropod and bird communities in agricultural fields
of the northern Great Plains that are undergoing a transition to regenerative practices. We
hypothesize that these two communities will correlate positively with one another. The
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quantitative regenerative score (Fenster, LaCanne, et al., 2021) is used to rank each field
based on the number of regenerative practices employed. We hypothesize that the overall
bird community, as well as birds in the specific diet, habitat, and conservation status
categories, will increase in abundance and diversity in regenerative fields.

2.0 Methods
2.1 Study sites.
Bird surveys were conducted on the same fields as the insect surveys described in
Chapter II. Bird surveys were conducted from June 24-July 2, 2019, and from June 20July 10, 2020. In 2019, 12 field sites were selected in southwest Manitoba, Canada region
(10 in SW Manitoba, two in North Dakota). In 2020, we returned to six sites that were
sampled in 2019, and selected six new sites in the Southwest Manitoba, Canada region
(nine in SW Manitoba, two in south central Manitoba, and one in SE Saskatchewan). See
Figure 1 for a map with all field site locations. Detailed information on the field sites,
including latitude and longitude, years sampled, cash crop and cover crop are included in
Table 1.

2.2 Insect community
An insect bioinventory of each field was assembled by sampling the foliar-dwelling
arthropods from July 15-19, 2019, and July 6-11, 2020. Foliar insects were captured
using a sweep net (38 cm diam., Bioquip™, Rancho Dominguez, CA, USA). Insects
were collected at 50, 100, and 150 m from the field edge along a linear transect. Sweeps
(n = 50) were performed perpendicular to the transect, parallel to the field edge.
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Arthropods were transferred to a sealed plastic bag and were frozen until processed. Once
back in the lab, arthropods were thawed, sorted from the plant material, and identified.
All specimens were identified to the lowest possible taxonomic unit as possible and
assigned a functional group (detritivore, predator, pollinator, parasitoid, herbivore, or
other/unknown). Due to lack of species identification knowledge and time limitations,
mites (Arachnida: Acari), thrips (Insecta: Thysanoptera), and springtails (Hexapoda:
Collembola) were not identified beyond the listed level and were not included in
community metrics analyses (abundance, species richness, diversity, and evenness). All
immature insects were identified to family and grouped together, except for lepidopteran
larvae, which were categorized as a morphospecies independent of the adult stage due to
their functional differences. All other specimens were identified to species using written
and online taxonomic keys. Specimens that were not able to be positively identified to
species were separated into distinct morphospecies. Voucher specimens of all taxa are
housed in the Mark F. Longfellow Biological Collection at Blue Dasher Farm, Estelline,
SD.

2.3 Bird community
Birds were surveyed from dawn through 10:00 A.M. using single observer, timed,
point-count methodology with no limit of distance (Reynolds et al., 1980). This was
conducted once per field in early July during the peak grassland bird breeding period of
the region. Each field had two survey points spaced > 150 m apart. At each survey point,
all birds heard or observed were recorded for 10 min, and locations were georeferenced.
Unfavorable weather conditions were avoided (e.g., high wind, rain, heat, etc.).
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All bird data was collected using ArcCollector for GIS. This allowed precise
geospatial attributes for every single bird observed. The observer stayed at the
predetermined survey point in the field, while the data for each individual bird was stored
under a data point at the bird’s actual location. Each observation of a bird included
species, location, age, sex, behavior, and breeding status, when possible, which was used
to determine abundance, species richness, diversity indices, and evenness, and habitat
preferences of the breeding bird community.
All birds observed were grouped into categories based on preferred habitat, insect diet
(during the breeding season or year-round), and/or conservation status to better
understand relationships between the complex bird community, the insect community,
and farming practices. These categories used in our analyses were land birds, waterassociated birds (includes waterbirds, waterfowl, and shorebirds), insectivores, land
insectivores, aerial insectivores (AI), grassland birds, and imperiled birds, which have
been assessed by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC) and protected under the Species at Risk Act (SARA). For a complete list of
the species included within each category see Table 3.
Identification and nomenclature for birds adheres to Sibley (2014) and the American
Ornithological Union (1998). Standardized breeding bird behavior codes for each region
were used.

2.4 Data analysis
All statistical data analyses were conducted using Statistix® 10 software
(Analytical Software, Tallahassee, FL, U.S.A.), with the exception of Cohen’s d effect

126

size calculations and False Discovery Rate (FDR) corrections, which were performed in
R (R development Core Team, https://www.r-project.org/, version 4.0.2), using the
package Rstatix (Kassambara, 2021) and the package fuzzySim (Barbosa, 2022),
respectively. All figures were created using SigmaPlot (Systat Software, Inc., San Jose,
CA). Abandonment of tillage, herbicide, insecticide, fungicide, and synthetic fertilizers
and use of organic amendments (eco-tea, manure, etc.), cover crops and integration of
livestock were considered regenerative practices. The regenerative score was calculated
by assigning one point for each regenerative practice that was utilized on the farm. The
farm was considered conventional if the farm scored 0-4 points, and regenerative if the
farm scored 5-8 points (Table 2).
Abundance, species richness, Shannon’s Diversity Index, evenness, and
Simpson’s Diversity Index were calculated for the foliar invertebrate communities, the
overall bird community, and bird subcategories for each field. Springtails (Collembola)
and mites (Acarina) were excluded from all analyses due to their disproportionately large
abundances.
Simple linear regression analyses were calculated to predict the insectivorous,
terrestrial insectivorous, and aerial insectivorous bird community metrics based on the
foliar invertebrate community metrics. The False Discovery Rate (FDR) correction was
used to adjust p-values for multiple testing between the foliar invertebrates and the bird
categories. Simple linear regression analyses were calculated to predict the overall bird
community metrics, as well as the metrics of each separate bird category, based on
regenerative score. Two-sample T tests were used to determine if the bird community
metrics significantly differed between conventional and regenerative treatments. Welch’s
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t-test was used for testing the abundance and species richness of the water-associated
birds and the abundance of the imperiled birds because of unequal variances between
treatments. Cohen’s d equation was used to test the effect size of our analyses.

3.0 Results
3.1 Insect community.
In total, 30,276 invertebrate specimens were collected from cropland foliage,
representing 418 morphospecies from four classes (Arachnida, Collembola, Insecta, and
Symphyla), 14 orders (Acarina, Araneae, Coleoptera, Diptera, Ephemeroptera,
Hemiptera, Hymenoptera, Lepidoptera, Neuroptera, Odonata, Opiliones, Orthoptera,
Psocoptera, Thysanoptera), 116 families, and 145 identified genera. The three most
abundant orders were Hemiptera (6,366), Diptera (5,094), and Hymenoptera (1,196).
Thysanoptera (12,686) and Collembola (a class; 3,229) were both abundant in our
samples but were not included in the subsequent analyses. The orders with the most
morphospecies were Diptera (200), Hymenoptera (146), Hemiptera (80), Coleoptera (61),
and Lepidoptera (42). For further descriptions, feeding guild categorization, and farm
management comparisons of the captured foliar arthropod community, see the results
section, Figure 2, and Tables 3 and 4 of Chapter II.

3.2 Bird community
In total, 1,406 bird observations were recorded from 24 crop fields, representing 84
species from 11 orders (Accipitriformes, Anseriformes, Charadriiformes,
Columbiformes, Falconiformes, Galliformes, Gruiformes, Passeriformes, Pelecaniformes,
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Piciformes, and Podicipediformes), 29 families, and 70 genera. The five most abundant
orders were Passeriformes (1,127, Charadriiformes (133), Anseriformes (50),
Columbiformes (29), and Galliformes (29). The five orders with the most species
observed were Passeriformes (54), Charadriiformes (9), Anseriformes (6),
Accipitriformes (4), and Piciformes (3).
Within the 29 families, the top five most abundant families made up 72% of the bird
community abundance. These families were Icteridae (blackbirds, orioles, and
meadowlarks), Passerellidae (sparrows), Laridae (gulls and terns), Alaudidae (larks), and
Columbidae (pigeons and doves) with 600, 236, 61, 60, and 54 observations,
respectively, but these families only make up 30% of the total species richness. The top
five families with the most observed species were Passerellidae, Icteridae, Anatidae,
Scolopacidae, and Hirundinidae (swallows), and with 11, 8, 6, 5, and 5 species observed,
respectively.
Of the 84 species, the most commonly observed species were red-winged blackbird
Agelaius phoeniceus (Passeriformes: Icteridae), savannah sparrow Passerculus
sandwichensis (Passeriformes: Passerellidae), western meadowlark Sturnella neglecta
(Passeriformes: Icteridae), bobolink Dolichonyx oryzivorus (Passeriformes: Icteridae),
and horned lark Eremophila alpestris (Passeriformes: Alaudidae) at 364, 112, 73, 61, and
60 observations, respectively. These five species made up 48% of the observed bird
population, but only 6% of the total observed species. See Table 3 for a full list of
observations and categorizations.

3.3 Bird and insect community contrasts
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After adjusting for the FDR, no significant regression equations were found for
the insectivores, terrestrial insectivores, or aerial insectivores within the bird community
based on the foliar insect community metrics. For example, insect abundance (R2 = .01,
F1, 22 = 0.24, P = .89), species richness (R2 = .01, F1, 22 = 0.12, P = .90), Shannon H (R2 =
.04, F1, 22 = 0.99, P = .88), evenness (R2 = .05, F1, 14 = 1.13, P = .69), nor Simpson’s (R2 =
.04, F1, 22 = 0.85, P = .95) did not predict terrestrial bird abundance.

3.4 Regenerative practices and bird communities
Linear regression analyses were calculated to predict the overall bird community
metrics of each field based on the number of regenerative practices, or the regenerative
score, of each field. Significant regression equations were found for the overall bird
abundance and species richness. Overall bird abundance (R2 = .18, F1, 21 = 4.55, P = .04)
and species richness (R2 = .20, F1, 21 = 5.37, P = .03) significantly declined as
regenerative score increased. Predicted bird abundance and species richness is equal to
91.66 – 7.18 * (regenerative score) and 18.96 – 1.28 * (regenerative score), respectively
when the regenerative score is measured by the number of regenerative practices. Bird
abundance and species richness decreased by 7.18 and 1.28, respectively, for each
regenerative practice added. This trend was also true when the fields were grouped by
treatment and labeled as regenerative or conventional based on their scores. Bird
abundance was significantly lower in regenerative fields, but species richness became
only marginally significant (abundance: t22 = 2.07, P = 0.05, Cohen’s d = 0.84 [-0.27,
1.76]; species richness: t22 = 1.89, P = 0.07, Cohen’s d = 0.76 [-0.19, 1.63]) (Figure 2 and
Table 4). Other bird community metrics (evenness and Shannon H and Simpson’s
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Diversity Indices) were insignificant with the regenerative score and treatments (P >
0.05).
Linear regression analyses were calculated to predict the terrestrial bird (land bird)
metrics based on the regenerative score of each field. No significant regression equations
were found, but the overall bird abundance and species richness were marginally
significant. Abundance (R2 = .15, F1, 21 = 3.55, P = 0.07) and species richness (R2 = .16,
F1, 21 = 3.9, P = 0.06) exhibited a downward trend as regenerative score increased. When
the fields were grouped by treatments, no significant differences were found (P > 0.05)
(Table 4).
Linear regression analyses were calculated to predict the water-associated bird (water
birds, shorebirds, and waterfowl) community metrics based on the regenerative score of
each field. No significant regression equations were found, but species richness was
marginally significant. Species richness (R2 = .16, F1, 21 = 4.12, P = .06) exhibited a
downward trend as regenerative score increased. When the fields were grouped by
treatments, however, abundance as well as species richness were significantly lower in
regenerative fields (abundance: t12 = 2.18, P = .04, Cohen’s d = 0.87 [-0.22, 1.78];
species richness: t11.0 = 2.16, P = .05, Cohen’s d = 0.95 [0.03, 1.74) (Table 4).
Linear regression analyses were calculated to predict the insectivorous bird
community metrics based on the regenerative score of each field. A significant regression
equation was found for species richness (R2 = .18, F1, 21 = 4.57, P = 0.04), which
significantly declined as regenerative score increased. Predicted bird species richness is
equal to 9.68 – 0.99 * (regenerative score) species when the regenerative score is
measured by the number of regenerative practices. Species richness decreased by 0.99
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species for each regenerative practice added. When the fields were separated by
treatment, no significant differences were found (P > 0.05). When insectivorous birds
were further separated into aerial and terrestrial insectivores, neither group had any
significant associations with the regenerative score or treatment (Table 4).
Opposite results were observed in the grassland bird community. A significant
regression equation was found for log-transformed bird abundance (R2 = .20, F1, 21 =
5.13, P = 0.03), which significantly increased as the fields became more regenerative.
Predicted log-transformed bird abundance is equal to 0.83 + 0.07 * (regenerative score)
birds when the regenerative score is measured by the number of regenerative practices.
Log-transformed bird abundance increased by 0.07 birds for each regenerative practice
added. When the fields were grouped by treatment, grassland bird abundance and logtransformed abundance were significantly higher in regenerative fields than conventional
(t22 = -2.28, P = 0.03, Cohen’s d = -0.99 [-1.61, -0.21]) and (t22 = -2.67, P = 0.01,
Cohen’s d = -1.07 [-1.79. -0.25]), respectively. Bird abundance increased from an
average of 12.3 to 20.3 birds (Figure 3 and Table 4). Other metrics were insignificant (P
> 0.05).
Threatened and endangered bird species followed the same positive trend as the
grassland birds. Threatened and endangered bird observations significantly increased by
six-fold in regenerative fields compared to the conventional fields, with an average of 0.9
birds in conventional fields and 5.7 birds in regenerative fields (t14.6 = -3.06, P < 0.01,
Cohen’s d = -1.17 [-1.71, -0.47]) (Figure 4 and Table 4). Species richness was only
marginally significant (t22 = -1.84, P = 0.08, Cohen’s d = -0.78 [-1.62, 0.17]), but the
average number of species observed increased from 0.7 in the conventional fields to 1.3
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in regenerative fields, almost doubling (Table 4). All other analyses were insignificant (P
> 0.05).

4.0 Discussion
The farming practices that are essential to a regenerative system have a positive
impact on North America’s most vulnerable bird species. The insect and bird community
were not related to one another. Overall bird abundance and species richness, and
insectivorous bird species richness had a negative relationship to the number of
regenerative practices. Overall bird abundance and water-associated bird species richness
was lower in regenerative fields. However, the grassland birds and Canadian listed
threatened and endangered birds responded positively, and abundance significantly
increased in regenerative fields. Not only were these findings statistically significant, but
the Cohen’s d effects size was also “large” for each one, indicating that the magnitude of
these significant findings is substantial and different agricultural systems have real-world
substantial impacts on bird populations.
Habitat loss due to the conversion of grasslands to croplands can be detrimental to
grassland birds (Greer et al., 2016; Hill et al., 2014; Stanton et al., 2018) and threatened
bird species (Venter et al., 2006; Wilcove et al., 1998; Woo-Durand et al., 2020).
Agricultural fields are not usually known for being primary habitat for rare species
(Kleijn et al., 2006; Liira et al., 2008; Tarifa et al., 2021) and agriculture has been named
the greatest threat of extinction to birds (Green et al., 2005). Not only is habitat loss
happening in the breeding grounds of the Great Plains of the U.S. and Canada, but also in
overwintering grounds of the Chihuahuan Desert in the Valles Centrales of Mexico,
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where 90% of the grassland-obligate birds of the Great Plains spend their winters. Centerpivot cropland irrigation drives the 6.04% cropland expansion rate each year, with an
estimated carrying capacity loss of 355,142 grassland birds (Pool et al., 2014). Due to the
loss of natural land, grassland birds are forced to use agricultural land as secondary
habitat, but conventional agriculture is detrimental to grassland birds. A study of
Savannah sparrow nestlings showed a lower survival rate of nests and a higher
corticosterone response in intensive agriculture fields over non-agriculture land use
habitats, indicating intensive agriculture may induce physiological stress (van Vliet et al.,
2020). Cropland expansion and intensification is greatly reducing the carrying capacity of
natural grasslands. In our study, observations of grassland birds increased by about 65%
in regenerative fields, from 12 birds to 20 birds, and the abundance of Canadian-listed
species on regenerative fields increased by 6-fold compared to conventional fields.
Regenerative agriculture may provide an alternative secondary habitat to grassland birds.
No-till practices associated with regenerative agriculture reduce soil erosion,
conserve water, and save farmers money in addition to creating habitat for wildlife. Notilling in cropland increases residue on the soil surface, creating cover and preferential
nesting sites for birds (Basore et al., 1986). No-till fields in Illinois cropland had more
birds, more nests, a greater survival rate, and a greater conservation value due to the
higher number of grassland birds (VanBeek et al., 2014). In our study, no-tilling is
classified as a regenerative practice and likely contributed to the greater abundance of
grassland birds from the increased surface complexity and vegetative cover by not
disturbing the residue layer, leading to increased productivity (Martin & Forsyth, 2003).
Regenerative fields also have less disturbances from tillage activities, which in turn
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decreases nest destruction (Bollinger et al., 1990; Dale et al., 1997; Frawley & Best,
1991). The removal of tillage on regenerative fields could be contributing to the higher
abundance of grassland and imperiled birds we found in our study due to increased
ground cover and higher nesting success.
Regenerative systems do not use agrichemicals, which could also be contributing
to higher numbers of grassland birds. Acute toxicity from insecticides has shown to be a
better indicator of grassland bird decline than herbicide use or agricultural intensification
(Mineau & Whiteside, 2013). Pesticides have sublethal and directly lethal toxicity effects
to birds and indirect effects to birds by reducing the insect community that many
grassland birds rely on as a food source. Pesticide toxicity and less diverse insect
communities in conventional fields could provide insight on why grassland and imperiled
bird abundance was lower in conventional fields.
Cover cropping is a regenerative practice that could be supplying the grassland
and threatened birds with safe resting and nesting sites within a field (Wilcoxen et al.,
2018). Increasing in-field habitat by using cover crops and preserving field margins can
serve as habitat and refuges for endangered birds in agroecosystems (Wuczyński et al.,
2014). In Costa Rica, diversified fields had similar bird species richness as the natural
forest communities. Further, the diversified fields had 20% more endemic species and
IUCN Red List of Threatened Species than the intensively managed plots (Hendershot et
al., 2020). Farmland birds in England were more abundant in fields with winter cover
crops (Stoate et al., 2003) and grassland birds in Illinois were more abundant in covercropped fields because of the dense vegetation (Wilcoxen et al., 2018). Dense vegetation
and greater structural heterogeneity increases abundance and successful nesting of
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grassland birds in natural environments (Granfors et al., 1996; Hubbard et al., 2006; Roth
et al., 2005; Warren & Anderson, 2005), thus, the addition of cover crops may facilitate
similar results in the regenerative fields of our study. In addition to the vegetational
structure that is attractive for nesting, more abundant and diverse insect prey items for
birds are found in cover cropped fields due to increased plant diversity and structural
complexity (Irvin et al., 2016; Lundgren & Fergen, 2010; Sáenz-Romo et al., 2019; but
see Redlich et al., 2018).
Integrating livestock into a regenerative crop system can diversify revenue
streams on a farm, as well as replace conventional synthetic fertilizers with natural
manure (Bell et al., 2014; de Faccio Carvalho et al., 2010). Using livestock and crop
production together diversifies and brings heterogeneity to farmland, benefitting bird
communities (Benton et al., 2003). Overwintering farmland birds in the Czech Republic
preferred farmsteads with active animal production (Šálek et al., 2018). On vegetable
farms along the U.S. west coast, livestock integration significantly increased native bird
density and richness compared to fields without livestock integration (Smith et al., 2020).
A meta-analysis of the effects of livestock on threatened, endangered, or declining bird
species indicated that the exclusion of livestock from a habitat resulted in an average
increase in nest success, but the increase was not significant and results were highly
variable (Hartway & Mills, 2012). This indicates that livestock integration should itself
follow regenerative guidelines for herd management (high density, high rotation
frequency, and no ivermectin application), mimicking bison ecology to have the best
impact on the cropland and birds (Pecenka & Lundgren, 2019). The addition of livestock
into a regenerative system may synergistically improve bird communities.
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Despite the positive correlations with grassland and threatened bird species with
regenerative agriculture, overall bird abundance and species richness declined as more
regenerative practices were used. Red-winged blackbirds comprised approximately a
quarter of the bird observations and greatly influenced the overall bird community. Twice
as many red-winged blackbirds were found in conventional as regenerative fields, and
high red-winged blackbird abundance is similarly found in other conventional
agricultural areas (Wiens & Dyer, 1975). In addition, red-winged blackbirds are
generalists and highly adaptable to disturbed and unstable habitats such as conventional
agriculture (Weller & Fredrickson, 1973) and may be taking full advantage of this habitat
area that is not suitable for more specialized grassland and imperiled bird species. This
adaptability of red-winged blackbirds may be driving the higher bird abundances
observed in conventional fields.
The decline of overall bird abundance may also have been influenced by the waterassociated bird community rather than the land birds, as the latter group did not exhibit
any significant declines. Decreasing species richness of water-associated birds was
observed as more regenerative practices were incorporated into fields, and the abundance
as well as species richness of water-dependent birds was significantly lower in the
regenerative fields. This was surprising, since waterfowl (Cowan, 1982; Duebbert &
Kantrud, 1987; Higgins, 1977) have documented habitat preference and higher
productivity on no-till and minimum till cropland, a predominate regenerative practice.
Marsh bird abundance and productivity are highly sensitive to the cyclic succession of
vegetational density and structure, water depth cycles, and muskrat populations in
wetland habitats (Weller & Spatcher, 1965), and farming practices play a role in wetland
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ecology (Bruland et al., 2003). Regenerative fields may have less excess water in
temporary wetland habitats than conventional fields. Conventional soils often do not
infiltrate water as efficiently as regenerative soils, leading to run off and the accumulation
of surface waters in and near fields. When farmers begin to farm regeneratively, they
increase the water holding capacity of their soils due to increased organic matter in the
soil. Until the water dynamics of the soils are restored during a regenerative transition,
temporary wetlands associated with croplands may become smaller. The long-term
effects of regenerative agriculture on wetland health remain un-studied.
We were forced to reject the hypothesis that birds and insect communities were
numerically correlated. While birds are trophically connected to insects throughout all
habitats and ecosystem types, our study did not exhibit statistically significant
relationships between the insects and insectivorous, terrestrial insectivorous, and aerial
insectivorous birds, before or after correcting for False Discovery Rate. The lack of
relationship could be explained by the types of indices we chose to describe the insect
community. Biomass or the abundance of specific insect groups (e.g., caterpillars) was
an indicator that we did not assess but may have better represented the quantity or
preference of insect prey for birds. In our sampling we only captured the foliar
invertebrate community, and many avian insectivores are aerial predators. Insect
capturing techniques such as malaise traps would be more effective in sampling moths
and other flying insects that may relate more as prey to aerial insectivorous birds. Bowler
et al. (2019) theorized that agricultural practices are a main driver of insectivorous bird
decline, as farmland use was associated with the steepest declines of insectivorous birds
around Europe. In a study of cornfields, crop diversity increased insectivorous bird
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abundance (Otieno et al., 2019), and analyses revealed that in highly intensive
agricultural landscapes in southern Quebec, Diptera abundances at the beginning of the
season were similar regardless of the level of intensification, but later in the season prey
abundance was significantly lower than other habitats, possibly creating an ecological
trap for insectivorous birds that had already chosen intensive agricultural areas for
habitat (Paquette et al., 2013). It is important to note that regenerative farming practices
did not increase insect abundance, but instead increased insect diversity (Michels Thesis,
Chapter II). In addition, these fields had typically undergone regenerative practices for
less than 2 y, and trends in the insectivorous bird community may be more evident by
evaluating the fields based on the numbers of years in a regenerative system.
Many studies examine the effects of individual practices on birds, but regenerative
agriculture incorporates many practices together into one unified farming system. This
systems point-of-view is important to determine the full effects of an agroecosystem on
bird communities. As grassland and other critical natural habitat continues to be
converted or degraded, regeneratively managed cropland may provide a secondary
habitat to displaced birds. Our study provides real-world evidence of a successful
farming system that clearly has a positive impact on North America’s most vulnerable
birds.
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7.0 Figures

Figure 1. A map of field sites, centered around Brandon, Manitoba, Canada.
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Figure 2. Overall bird abundance in conventional and regenerative fields. Values (mean ±
SEM) represent the abundance of the overall bird community for each field, by
management system. (Significance level α = 0.05).
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Figure 3. Grassland bird abundance on conventional and regenerative fields. Values
(mean ± SEM) represent the abundance of grassland birds for each field, by management
system. (Significance level α = 0.05).
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Figure 4. Imperiled bird abundance in conventional and regenerative fields. Values (mean
± SEM) represent the abundance of Canadian-listed threatened and endangered birds for
each field, by management system. (Significance level α = 0.05).
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8.0 Tables
Field
1

Location
50.225, -97.269

Year
2020

Cash crop
Fava bean, wheat,
rye

2
3
4
4

49.074, -101.266
49.517, -100.705
49.193, -100.226
49.193, -100.226

2019
2019
2019
2020

Canola, peas
Brown flax
Rye, hairy vetch

5
6
6
7
7
8
8

49.116, -101.006
49.561, -99.365
49.561, -99.365
49.366, -98.748
49.366, -98.748
49.974, -100.563
49.974, -100.563

2019
2019
2020
2019
2020
2019
2020

9
10
10

49.090, -99.025
49.686, -99.824
49.686, -99.824

2019
2019
2020

Peas, oats, millet
Wheat
Oats, peas
Oats, sweet clover
Wheat
Oats
Hay (oats, hairy
vetch, timothy,
yellow clover)
Hay (alfalfa)
Flax, lentils
Oats, flax

11
12

50.579, -101.312
49.573, -99.937

2020
2020

Canola, peas
Wheat

13
14
14
15
16
17

49.238, -96.979
49.391, -99.023
49.391, -99.023
49.293, -100.510
48.719, -101.706
48.544, -99.519

2020
2019
2020
2020
2019
2019

Canola, peas
Wheat
Oats, peas
Canola
Peas
Peas

18

50.456, -101.913

2020

Red clover, winter
wheat

Cover crop
Alsike clover, orchard
grass, rye, white clover,
hairy vetch
Subterranean clover
Crown millet, German
millet, red proso millet,
hairy vetch, sorghum,
sunflower, turnip
Flax, red clover
Fall rye, hairy vetch
Sweet clover
Hairy vetch

Buckwheat, hairy vetch,
Italian rye
Rye
Turnip, hairy vetch, sweet
clover, timothy grass,
Italian rye, phacelia
Fall rye, hairy vetch

Buckwheat, lentils, radish,
turnips

Table 1. Location and site characteristics of the field sites and years sampled.

Field Year Tillage Herbicide Insecticide Fungicide Synthetic Cover
Organic
Livestock Regenerative
Treatment
Fertilizer crop Amendment
Score
1
2020
yes
no
no
no
no
yes
no
no
5
Regenerative
2
2019
no
yes
yes
no
yes
no
no
no
2
Conventional
3
2019
yes
no
no
no
no
yes
yes
no
6
Regenerative
4
2019
yes
no
no
no
no
yes
no
no
5
Regenerative
4
2020
yes
no
no
no
no
yes
yes
yes
7
Regenerative
5
2019
yes
no
no
no
no
no
no
yes
5
Regenerative
6
2019
no
yes
no
no
yes
yes
no
no
4
Conventional
6
2020
no
yes
no
no
yes
yes
yes
no
5
Regenerative
7
2019
yes
no
no
no
no
no
no
no
4
Conventional
7
2020
yes
no
no
no
no
yes
no
no
5
Regenerative
8
2019
yes
no
no
no
no
yes
no
no
5
Regenerative
8
2020
no
no
no
no
no
yes
no
no
6
Regenerative
9
2019
no
no
no
no
no
no
no
no
5
Regenerative
10 2019
no
no
no
no
no
no
no
no
5
Regenerative
10 2020
yes
no
no
no
no
yes
no
yes
6
Regenerative
11 2020
no
yes
yes
no
yes
yes
no
no
3
Conventional
12 2020
yes
no
no
no
no
yes
yes
no
6
Regenerative
13 2020
yes
yes
yes
no
yes
yes
no
no
2
Conventional
14 2019
no
yes
no
no
yes
no
no
no
2
Conventional
14 2020
no
yes
no
yes
yes
no
no
no
3
Conventional
15 2020
no
no
Conventional
16 2019
no
yes
no
no
no
no
no
no
4
Conventional
17 2019
yes
yes
no
no
no
yes
no
no
4
Conventional
18 2020
no
no
no
no
no
yes
no
yes
7
Regenerative
Table 2. Description of the farm management practices. The regenerative score was calculated by assigning one point for each regenerative
practice: abandonment of tillage, herbicide, insecticide, fungicide, and synthetic fertilizers and use of organic amendments, cover crops and
livestock integration. The farm was considered conventional if it scored zero to four points, and regenerative if it scored five to eight
161

Common Name

Scientific Name

Group1

American Black
Duck
American Crow

Anas rubripes

American
Goldfinch
American Kestrel
American Robin
American White
Pelican
Baltimore Oriole
Bank Swallow
Barn Swallow
Black Tern
Black-billed
Magpie
Blue Jay
Blue-winged Teal
Bobolink

Insectivore2

Aerial3 Grassland4

Sum

Mean ± SEM

waterfowl

2

0.08 ± 0.08

Corvus
brachyrhynchos
Spinus tristis

land bird

20

0.83 ± 0.29

land bird

25

1.04 ± 0.24

Falco sparverius
Turdus
migratorius
Pelecanus
erythrorhynchos
Icterus galbula
Riparia riparia
Hirundo rustica
Chlidonias niger
Pica hudsonia

land bird
land bird

1
21

0.04 ± 0.04
0.88 ± 0.35

waterbird

13

0.54 ± 0.35

land bird
land bird
land bird
waterbird
land bird

1
5
17
10
2

0.04 ± 0.04
0.21 ± 0.15
0.71 ± 0.32
0.42 ± 0.42
0.08 ± 0.08

land bird

1

0.04 ± 0.04

waterfowl
land bird

5
61

0.21 ± 0.15
2.54 ± 0.97

Cyanocitta
cristata
Spatula discors
Dolichonyx
oryzivorus

Conservation
Status5

Insectivore

Insectivore
Insectivore
Insectivore
Insectivore

AI
AI

Threatened
Threatened6

Grassland

Threatened

1

(Rosenberg et al., 2019)
(De Graaf et al., 1985)
3
(Rosenberg et al., 2019)
4
(Peterjohn & Sauer, 1993)
5
Species at Risk Act (SARA)
6
COSEWIC Assessment: Special Concern. SARA Schedule 1: Threatened
2
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Brewer's
Blackbird
Brown Thrasher
Brown-headed
Cowbird
Canada Goose
Cedar Waxwing
Chestnut-sided
Warbler
Chipping
Sparrow
Clay-colored
Sparrow
Common Grackle
Common Raven
Common
Yellowthroat
Downy
Woodpecker
Eastern Bluebird
Eastern Kingbird
Field Sparrow
Franklin's Gull

Euphagus
cyanocephalus
Toxostoma rufum
Molothrus ater

land bird

44

1.83 ± 0.77

land bird
land bird

3
13

0.13 ± 0.07
0.54 ± 0.23

Branta
canadensis
Bombycilla
cedrorum
Setophaga
pensylvanica
Spizella passerina

waterfowl

5

0.21 ± 0.21

land bird

Insectivore

2

0.08 ± 0.08

land bird

Insectivore

1

0.04 ± 0.04

land bird

9

0.38 ± 0.24

Spizella pallida

land bird

40

1.67 ± 0.36

Quiscalus
quiscula
Corvus corax
Geothlypis trichas

land bird

35

1.46 ± 0.84

land bird
land bird

5
18

0.21 ± 0.10
0.75 ± 0.23

Dryobates
pubescens
Sialia sialis
Tyrannus
tyrannus
Spizella pusilla
Leucophaeus
pipixcan

land bird

Insectivore

1

0.04 ± 0.04

land bird
land bird

Insectivore
Insectivore

1
5

0.04 ± 0.04
0.21 ± 0.10

1
45

0.04 ± 0.04
1.88 ± 0.83

land bird
waterbird

Insectivore

AI
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Grasshopper
Sparrow
Gray Catbird
Henslow's
Sparrow
Herring Gull
Horned Lark
House Wren
Indigo Bunting
Killdeer
Lark Sparrow
Least Bittern
Least Flycatcher
Lesser
Yellowlegs
Magnolia
Warbler
Mallard
Marbled Godwit

Ammodramus
savannarum
Dumetella
carolinensis
Centronyx
henslowii
Larus argentatus
Eremophila
alpestris
Troglodytes
aedon
Passerina cyanea
Charadrius
vociferus
Chondestes
grammacus
Ixobrychus exilis
Empidonax
minimus
Tringa flavipes
Setophaga
magnolia
Anas
platyrhynchos
Limosa fedoa

land bird

Grassland

Special
concern7

land bird
land bird

Grassland

waterbird
land bird

Endangered

Grassland

1

0.04 ± 0.04

1

0.04 ± 0.04

1

0.04 ± 0.04

6
60

0.25 ± 0.25
2.50 ± 0.68

land bird

Insectivore

5

0.21 ± 0.08

land bird
shorebird

Insectivore

1
19

0.04 ± 0.04
0.79 ± 0.25

1

0.04 ± 0.04

Threatened

1
9

0.04 ± 0.04
0.38 ± 0.22

Under
consideration8

4

0.17 ± 0.10

1

0.04 ± 0.04

35

1.46 ± 0.50

1

0.04 ± 0.04

land bird
waterbird
land bird

Insectivore
Insectivore

shorebird

Insectivore

land bird

Insectivore

waterfowl
shorebird

Insectivore

AI

7
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Only the pratensis subspecies of Ammodramus savannarum is listed as Special Concern in Canada. This subspecies range occurs in S Ontario and SW Quebec,
and our field identifications did not include subspecies. Therefore, this bird was not included in the imperiled bird group of our analyses.
8
COSEWIC has assessed Tringa flavipes as Threatened, but it is currently still under consideration for listing under SARA. We included this species in the
imperiled bird category for our analyses.

Marsh Wren
Mourning Dove
Northern Flicker
Northern Harrier
Northern Pintail
Northern Roughwinged Swallow
Pied-billed Grebe
Purple Martin
Red-bellied
Woodpecker
Red-eyed Vireo
Red-tailed Hawk
Red-winged
Blackbird
Ring-necked
Duck
Rock Pigeon
Rose-breasted
Grosbeak
Savannah
Sparrow
Scarlet Tanager
Sedge Wren

Columba livia
Pheucticus
ludovicianus
Passerculus
sandwichensis
Piranga olivacea
Cistothorus
platensis
Tympanuchus
phasianellus

land bird

Insectivore

7

0.29 ± 0.15

25

1.04 ± 0.27

1
2
1
1

0.04 ± 0.04
0.08 ± 0.06
0.04 ± 0.04
0.04 ± 0.04

5

0.21 ± 0.15

3
1

0.13 ± 0.13
0.04 ± 0.04

7
1
364

0.29 ± 0.14
0.04 ± 0.04
15.17 ± 3.23

waterfowl

2

0.08 ± 0.08

Land bird
land bird

29
5

1.21 ± 0.79
0.21 ± 0.10

Grassland

112

4.67 ± 0.60

Grassland

1
9

0.04 ± 0.04
0.38 ± 0.17

Grassland

25

1.04 ± 1.04

land bird
land bird
land bird
waterfowl
land bird

Insectivore

waterbird

Insectivore

land bird
land bird

Insectivore
Insectivore

land bird
land bird
land bird

Insectivore

Insectivore

land bird
land bird
land bird
land bird

Insectivore
Insectivore

AI

AI
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Sharp-tailed
Grouse

Cistothorus
palustris
Zenaida
macroura
Colaptes auratus
Circus hudsonius
Anas acuta
Stelgidopteryx
serripennis
Podilymbus
podiceps
Progne subis
Melanerpes
carolinus
Vireo olivaceus
Buteo jamaicensis
Agelaius
phoeniceus
Aythya collaris

Song Sparrow
Sora
Spotted Towhee
Swainson's Hawk
Tree Swallow
Unidentified
Buteo spp.
Unidentified
Passerine
Unidentified
Calidris
Shorebird
Unidentified
Sparrow
Upland Sandpiper
Vesper Sparrow
Warbling Vireo
Western Kingbird
Western
Meadowlark
Wild Turkey
Wilson's Snipe

Melospiza
melodia
Porzana carolina
Pipilo maculatus
Buteo swainsoni
Tachycineta
bicolor

land bird

32

1.33 ± 0.37

waterbird
land bird
land bird
land bird

7
1
4
7

0.29 ± 0.11
0.04 ± 0.04
0.17 ± 0.13
0.29 ± 0.19

land bird

1

0.04 ± 0.04

land bird

1

0.04 ± 0.04

5

0.21 ± 0.21

1

0.04 ± 0.04

Grassland

26

1.08 ± 0.41

Grassland

37

1.54 ± 0.36

3
4

0.13 ± 0.09
0.17 ± 0.10

73

3.04 ± 0.55

4

0.17 ± 0.12

17

0.71 ± 0.22

shorebird

Insectivore
Insectivore

AI

Insectivore

land bird
Bartramia
longicauda
Pooecetes
gramineus
Vireo gilvus
Tyrannus
verticalis
Sturnella neglecta

shorebird

Meleagris
gallopavo
Gallinago
delicata

land bird

Insectivore

land bird
land bird
land bird

Insectivore
Insectivore

land bird

Insectivore

shorebird

Insectivore

AI
Grassland
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Yellow Warbler
Yellow-billed
Cuckoo
Yellow-headed
Blackbird
Yellow-throated
Vireo

Setophaga
petechia
Coccyzus
americanus
Xanthocephalus
xanthocephalus
Vireo flavifrons

land bird

Insectivore

13

0.54 ± 0.19

land bird

Insectivore

1

0.04 ± 0.04

9

0.38 ± 0.20

1

0.04 ± 0.04

land bird
land bird

Insectivore

Table 3. Bird bioinventory of regenerative and conventional croplands in Manitoba, Saskatchewan, and North Dakota. All birds
observed were grouped into categories based on habitat, insect diet (during the breeding season or year-round), and/or conservation
status to better understand relationships between the bird community, the insect community, and farming practices. These categories
used in our analyses were land birds, water-dependent birds (includes waterbirds, waterfowl, and shorebirds), insectivores, land
insectivores, aerial insectivores (AI), grassland birds, and imperiled birds assessed by the Committee on the Status of Endangered
Wildlife in Canada (COSEWIC) and protected under the Species at Risk Act (SARA). Values are total abundance and mean ± SEM
for each species across all 24 farms.
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Bird Category
Overall
Land birds
Water-associated
Insectivores
Land insectivores
Aerial insectivores
Grassland
Threatened and Endangered

Conventional
70 ± 8.17
56.6 ± 6.86
13.4 ± 3.55
15 ± 3.18
6.9 1.89
1.04 ± 0.14
12.3 ± 1.81
0.90 ± 0.38

Regenerative
50.43 ± 5.50
45.07 ± 4.13
5.36 ± 1.83
11.86 ± 2.98
7.64 1.26
0.88 ± 0.12
20.29 ± 2.65
5.71 ± 1.53

Statistics
t22 = 2.07, P = .05*
t22 = 1.52, P = .15
t12 = 2.18, P = .04*
t22 = 0.71, P = .49
t22 = -0.34, P = .74
t22 = 0.84, P = .41
t22 = -2.28, P = .03*
t14.6 = -3.06, P = .008*

Effect Size
0.84 [-0.27, 1.76]***
0.61 [-0.35, 1.45]**
0.87 [-0.22, 1.78]***
0.30 [-0.67, 1.18]*
-0.14 [-1.02, 0.85]
0.11 [-0.86, 0.98]
-0.99 [-1.61, -0.21]***
-1.17 [-1.71, -0.47]***

Table 4. Abundance of bird categories by management system. Values under conventional and regenerative represent mean ± SEM for
bird abundance of each category by management system. Effects size values are calculated from Cohen’s d with a 95% Confidence
Interval (CI) in brackets. Within the statistics column, asterisks denote significant differences between treatments; significance level α
= 0.05. Within the effect size column, one, two, three, and four asterisks denote a small, medium, large, and very large effect sizes:
small effect size ≥ 0.3, medium effect size ≥ 0.5, large effect size ≥ 0.8, and very large ≥ 1.2.
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